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Semiconductor Materials, 
Junctions, and Devices 


OEMICONDUCTOR devices are 
^ small but versatile units that 
can perform an amazing variety 
of control functions in electronic 
equipment. Like other electron 
devices, they have the ability to 
control almost instantly the 
movement of charges of electric¬ 
ity. They are used as rectifiers, 
detectors, amplifiers, oscillators, 
electronic switches, mixers, and 
modulators. 

In addition, semiconductor de¬ 
vices have many important ad¬ 
vantages over other types of 
electron devices. They are very 
small and light in weight (some 
are less than an inch long and 
weigh just a fraction of an 
ounce). They have no filaments 
or heaters, and therefore require 
no heating power or warm-up 
time. They consume very little 
power. They are solid in con¬ 
struction, extremely rugged, free 
from microphonics, and can be 
made impervious to many severe 
environmental conditions. 

SEMICONDUCTOR MATERIALS 

Unlike other electron devices, 
which depend for their function¬ 
ing on the flow of electric charges 
through a vacuum or a gas, semi¬ 
conductor devices make use of 
the flow of current in a solid. In 


general, all materials may be 
classified into three major cate¬ 
gories—conductors, semiconduc¬ 
tors, and insulators—depending 
upon their ability to conduct an 
electric current. As the name in¬ 
dicates, a semiconductor material 
has poorer conductivity than a 
conductor, but better conduc¬ 
tivity than an insulator. 

The materials most often used 
in semiconductor devices are 
germanium and silicon. Germa¬ 
nium has higher electrical con¬ 
ductivity (less resistance to 
current flow) than silicon, and is 
used in many low- and medium- 
power diodes and transistors. 
Silicon is more suitable for high- 
power devices than germanium. 
One reason is that it can be used 
at much higher temperatures. A 
relatively new material which 
combines the principal desirable 
features of both germanium and 
silicon is gallium arsenide. When 
further experience with this ma¬ 
terial has been obtained, it is ex¬ 
pected to find much wider use in 
semiconductor devices. 

Resistivity 

The ability of a material to 
conduct current (conductivity) 
is directly proportional to the 
number of free (loosely held) 
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electrons in the material. Good 
conductors, such as silver, cop¬ 
per, and aluminum, have large 
numbers of free electrons; their 
resistivities are of the order of 
a few millionths of an ohm-cen¬ 
timeter. Insulators such as glass, 
rubber, and mica, which have 
very few loosely held electrons, 
have resistivities as high as sev¬ 
eral million ohm-centimeters. 

Semiconductor materials lie in 
the range between these two ex¬ 
tremes, as shown in Fig. 1. Pure 
germanium has a resistivity of 


INCREASING RESISTIVITY-► 

lO"^ 10'^ I 10^ 10^ 

OHM-CM 1-4 . - t . I r -t- [ l I I I I I 

COPPER GERMANIUM SILICON GLASS 

-INCREASING CONDUCTIVITY 

Figure 1. Resistivity of typical conductor, 
semiconductor, and insulator. 

60 ohm-centimeters. Pure silicon 
has a considerably higher re¬ 
sistivity, in the order of 60,000 
ohm-centimeters. As used in 
semiconductor devices, however, 
these materials contain carefully 
controlled amounts of certain im¬ 
purities which reduce their 
resistivity to about 2 ohm-centi¬ 
meters at room temperature (this 
resistivity decreases rapidly as 
the temperature rises). 

Impurities 

Carefully prepared semicon¬ 
ductor materials have a crystal 
structure. In this type of struc¬ 
ture, which is called a lattice, the 
outer or valence electrons of in¬ 
dividual atoms are tightly bound 
to the electrons of adjacent 
atoms in electron-pair bonds, as 


shown in Fig. 2. Because such 
a structure has no loosely held 
electrons, semiconductor ma¬ 
terials are poor conductors under 
normal conditions. In order to 



Figure 2. Crystal lattice structure. 


separate the electron-pair bonds 
and provide free electrons for 
electrical conduction, it would be 
necessary to apply high tempera¬ 
ture or strong electric fields. 

Another way to alter the lat¬ 
tice structure and thereby obtain 
free electrons, however, is to add 
small amounts of other elements 
having a different atomic struc¬ 
ture, By the addition of almost 
infinitesimal amounts of such 
other elements, called ^‘impuri¬ 
ties'', the basic electrical proper¬ 
ties of pure semiconductor ma¬ 
terials can be modified and 
controlled. The ratio of impurity 
to the semiconductor material is 
usually extremely small, in the 
order of one part in ten million. 

When the impurity elements 
are added to the semiconductor 
material, impurity atoms take the 
place of semiconductor atoms in 
the lattice structure. If the im¬ 
purity atoms added have the 
same number of valence elec¬ 
trons as the atoms of the original 
semiconductor material, they fit 
neatly into the lattice, forming 
the required number of electron- 
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pair bonds with semiconductor 
atoms. In this case, the electrical 
properties of the material are 
essentially unchanged. 

When the impurity atom has 
one more valence electron than 
the semiconductor atom, how¬ 
ever, this extra electron cannot 
form an electron-pair bond be¬ 
cause no adjacent valence elec¬ 
tron is available. The excess 
electron is then held very loosely 
by the atom, as shown in Fig. 3, 
and requires only slight excita¬ 
tion to break away. Consequently, 
the presence of such excess elec¬ 
trons makes the material a bet¬ 
ter conductor, i.e., its resistance 
to current flow is reduced. 

Impurity elements which are 
added to germanium and silicon 
crystals to provide excess elec¬ 
trons include phosphorus, ar¬ 
senic, and antimony. When these 
elements are introduced, the re¬ 
sulting material is called n-type 
because the excess free electrons 
have a negative charge. (It 
should be noted, however, that 

ELECTRON-PAIR SEMICONDUCTOR 



Figure 3. Lattice structure of n-type 
material. 


the negative charge of the elec¬ 
trons is balanced by an equiva¬ 
lent positive charge in the center 
of the impurity atoms. There¬ 
fore, the net electrical charge of 


the semiconductor material is 
not changed.) 

A different effect is produced 
when an impurity atom having 
one less valence electron than 
the semiconductor atom is sub¬ 
stituted in the lattice structure. 
Although all the valence elec¬ 
trons of the impurity atom form 
electron-pair bonds with elec¬ 
trons of neighboring semicon¬ 
ductor atoms, one of the bonds 
in the lattice structure cannot be 
completed because the impurity 
atom lacks the final valence elec¬ 
tron. As a result, a vacancy or 
“hole"’ exists in the lattice, as 
shown in Fig. 4. An electron from 
an adjacent electron-pair bond 
may then absorb enough energy 

ELECTRON-PAIR SEMICONDUCTOR 



material. 


to break its bond and move 
through the lattice to fill the 
hole. As in the case of excess 
electrons, the presence of “holes'’ 
encourages the flow of electrons 
in the semiconductor material; 
consequently, the conductivity is 
increased and the resistivity is 
reduced. 

The vacancy or hole in the 
crystal structure is considered to 
have a positive electrical charge 
because it represents the absence 
of an electron. (Again, however, 
the net charge of the crystal 
is unchanged.) Semiconductor 
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material which contains these 
‘‘holes'' or positive charges is 
called p-type material. P-type 
materials are formed by the addi¬ 
tion of boron, aluminum, gal¬ 
lium, or indium. 

Although the difference in the 
chemical composition of n-type 
and p-type materials is slight, 
the differences in the electrical 
characteristics of the two types 
are substantial, and are very im¬ 
portant in the operation of semi¬ 
conductor devices. 

P-N JUNCTIONS 

When n-type and p-type ma¬ 
terials are joined together, as 
shown in Fig. 5, an unusual but 
very important phenomenon oc¬ 
curs at the interface where the 
two materials meet (called the 


P-N JUNCTION 
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Figure 5. Interaction of holes and electrons 
at p-n junction. 

p-n junction). An interaction 
takes place between the two 
types of material at the junction 
as a result of the holes in one 
material and the excess electrons 
in the other. 

When a p-n junction is formed, 
some of the free electrons from 
the n-type material diffuse across 
the junction and recombine with 
holes in the lattice structure of 
the p-type material; similarly, 
some of the holes in the p-type 
material diffuse across the junc¬ 
tion and recombine with free 


electrons in the lattice structure 
of the n-type material. This inter¬ 
action or diffusion is brought 
into equilibrium by a small 
space-charge region (sometimes 
called the transition region or 
depletion layer). The p-type ma¬ 
terial thus acquires a slight 
negative charge and the n-type 
material acquires a slight posi¬ 
tive charge. 

Thermal energy causes charge 
carriers (electrons and holes) to 
diffuse from one side of the p-n 
junction to the other side; this 
flow of charge carriers is called 
diffusion current. As a result of 
the diffusion process, however, a 
potential gradient builds up 
across the space-charge region. 
This potential gradient can be 
represented, as shown in Fig. 6, 
by an imaginary battery con¬ 
nected across the p-n junction. 
(The battery symbol is used 
merely to illustrate internal ef¬ 
fects; the potential it represents 
is not directly measurable.) The 
potential gradient causes a flow 
of charge carriers, referred to as 
drift current, in the opposite di¬ 
rection to the diffusion current. 
Under equilibrium conditions, 
the diffusion current is exactly 
balanced by the drift current so 


JUNCTION 


p Ml N 


IMAGINARY 
SPACE-CHARGE 
EQUIVALENT 
BATTERY 


Figure 6. Potential gradient across space- 
charge region. 
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that the net current across the 
p-n junction is zero. In other 
words, when no external current 
or voltage is applied to the p-n 
junction, the potential gradient 
forms an energy barrier that pre¬ 
vents further diffusion of charge 
carriers across the junction. In 
effect, electrons from the n-type 
material that tend to diffuse 
across the junction are repelled 
by the slight negative charge in¬ 
duced in the p-type material by 
the potential gradient, and holes 
from the p-type material are re¬ 
pelled by the slight positive 
charge induced in the n-type ma¬ 
terial. The potential gradient (or 
energy barrier, as it is sometimes 
called), therefore, prevents total 
interaction between the two 
types of materials, and thus pre¬ 
serves the differences in their 
characteristics. 

CURRENT FLOW 

When an external battery is 
connected across a p-n junction, 
the amount of current flow is de¬ 
termined by the polarity of the 
applied voltage and its effect on 
the space-charge region. In Fig. 
7(a), the positive terminal of 
the battery, is connected to the 
n-type material and the negative 
terminal to the p-type material. 
In this arrangement, the free 
electrons in the n-type material 
are attracted toward the positive 
terminal of the battery and 
away from the junction. At the 
same time, holes from the p-type 
material are attracted toward 
the negative terminal of the bat¬ 
tery and away from the junction. 
As a result, the space-charge re¬ 
gion at the junction becomes 
effectively wider, and the poten¬ 
tial gradient increases until it 


approaches the potential of the 
external battery. Current flow is 
then extremely small because no 
voltage difference (electric field) 
exists across either the p-type or 
the n-type region. Under these 
conditions, the p-n junction is 
said to be reverse-biased. 


ELECTRON FLOW 



ELECTRON FLOW 



Figure 1 . Electron current flow in biased 
p-n junctions. 


In Fig. 7(b), the positive 
terminal of the external battery 
is connected to the p-type ma¬ 
terial and the negative terminal 
to the n-type material. In this 
arrangement, electrons in the 
p-type material near the positive 
terminal of the battery break 
their electron-pair bonds and en¬ 
ter the battery, creating new 
holes. At the same time, elec¬ 
trons from the negative terminal 
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of the battery enter the n-type 
material and diffuse toward the 
junction. As a result, the space- 
charge region becomes effec¬ 
tively narrower, and the energy 
barrier decreases to an insignifi¬ 
cant value. Excess electrons 
from the n-type material can 
then penetrate the space-charge 
region, flow across the junction, 
and move by way of the holes in 
the p-type material toward the 
positive terminal of the battery. 
This electron flow continues as 
long as the external voltage is 
applied. Under these conditions, 
the junction is said to be for- 
ward-biased. 

The generalized voltage-cur- 
rent characteristic for a p-n junc¬ 
tion in Fig. 8 shows both the 



Figure 8. Voltage-current characteristic for 
a p-n junction. 


reverse-bias and forward-bias re¬ 
gions. In the forward-bias re¬ 
gion, current rises rapidly as the 
voltage is increased and is rela¬ 
tively high. Current in the reverse- 
bias region is usually much 
lower. Excessive voltage (bias) 
in either direction is avoided in 
normal applications because ex¬ 
cessive currents and the result¬ 
ing high temperatures may 
permanently damage the semi¬ 
conductor device. 


N-P-N and P-N-P Structures 

Fig. 7 shows that a p-n junc¬ 
tion biased in the reverse di¬ 
rection is equivalent to a high- 
resistance element (low current 
for a given applied voltage), while 
a junction biased in the forward 
direction is equivalent to a low- 
resistance element (high current 
for a given applied voltage). Be¬ 
cause the power developed by a 
given current is greater in a high- 
resistance element than in a low- 
resistance element (P = PR), 
power gain can be obtained in a 
structure containing two such re¬ 
sistance elements if the current 
flow is not materially reduced. A 
device containing two p-n junc¬ 
tions biased in opposite directions 
can operate in this fashion. 

Such a two-junction device is 
shown in Fig. 9. The thick end 
layers are made of the same type 
of material (n-type in this case), 
and are separated by a very thin 
layer of the opposite type of ma¬ 
terial (p-type in the device 
shown). By means of the external 
batteries, the left-hand (n-p) 
junction is biased in the forward 
direction to provide a low-resist¬ 
ance input circuit, and the right- 
hand (p-n) junction is biased in 



Figure 9. N-P-N structure biased for power 
gain. 

the reverse direction to provide a 
high-resistance output circuit. 

Electrons flow easily from the 
left-hand n-type region to the cen- 
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ter p-type region as a result of 
the forward biasing. Most of these 
electrons diffuse through the thin 
p-type region, however, and are 
attracted by the positive potential 
of the external battery across the 
right-hand junction. In practical 
devices, approximately 95 to 99.5 
per cent of the electron current 
reaches the right-hand n-type re¬ 
gion. This high percentage of cur¬ 
rent penetration provides power 
gain in the high-resistance output 
circuit and is the basis for tran¬ 
sistor amplification capability. 

The operation of p-n-p devices 
is similar to that shown for the 
n-p-n device, except that the bias- 
voltage polarities are reversed, and 
electron-current flow is in the op¬ 
posite direction. (Many discus¬ 
sions of semiconductor theory 
assume that the '‘holes” in semi¬ 
conductor material constitute the 
charge carriers in p-n-p devices, 
and discuss "hole currents” for 
these devices and "electron cur¬ 
rents” for n-p-n devices. Other 
texts discuss neither hole current 
nor electron current, but rather 
"conventional current flow”, which 
is assumed to travel through a 
circuit in a direction from the 
positive terminal of the external 
battery back to its negative termi¬ 
nal. For the sake of simplicity, 
this discussion will be restricted 
to the concept of electron current 
flow, which travels from a nega¬ 
tive to a positive terminal.) 

Types of Devices 

The simplest type of semicon¬ 
ductor device is the diode, which 
is represented by the symbol 
shown in Fig. 10. Structurally, the 
diode is basically a p-n junction 
similar to those shown in Fig. 7. 
The n-type material which serves 
as the negative electrode is re¬ 


ferred to as the cathode, and the 
p-type material which serves as 
the positive electrode is referred 
to as the anode. The arrow sym¬ 
bol used for the anode represents 


N-TYPE* /P—TYPE 

MATERIAIA /MATERIAL 


CATHODE C> 


O anode 


Figure 10. Schematic symbol for a semi¬ 
conductor diode. 

the direction of "conventional cur¬ 
rent flow” mentioned above; elec¬ 
tron current flows in a direction 
opposite to the arrow. 

Because the junction diode con¬ 
ducts current more easily in one 
direction than in the other, it is 
an effective rectifying device. If 
an ac signal is applied, as shown 
in Fig. 11, electron current flows 
freely during the positive half 
cycle, but little or no current 



Figure 11. Simple diode rectifying circuit. 


flows during the negative half 
cycle. 

One of the most widely used 
types of semiconductor diode is 
the silicon rectifier. These devices 
are available in a wide range of 
current capabilities, ranging from 
tenths of an ampere to several 
hundred amperes, and are cap¬ 
able of operation at voltages as 
high as 1000 volts or more. 
Parallel and series arrangements 
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of silicon rectifiers permit even 
further extension of current and 
voltage limits. These devices are 
discussed in detail in the section 
on Silicon Rectifiers. 

If two p-type and two n-type 
semiconductor materials are ar¬ 
ranged in a series array that con¬ 
sists of alternate n-type and p- 
type layers, a device is produced 
which behaves as a conventional 
rectifier in the reverse direction 
and as a series combination of an 
electronic switch and a rectifier 
in the forward direction. Conduc¬ 
tion in the forward direction can 
then be controlled or ''gated'’ by 
operation of the electronic switch. 
These devices, called thyristors, 
have control characteristics simi¬ 
lar to those of thyratron tubes. 
The silicon controlled rectifier 
(SCR) and the triac are the most 
popular types of thyristors. Fig. 
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Figure 12. Junction diagrams and 
schematic symbols for SCR’s and triacs. 


12 shows the junction diagrams 
and schematic symbols for the 
SCR and triac. Such devices are 
discussed in the section on 

Thyristors. 

■ Several variations of the basic 
junction-diode structure have been 
developed for use in special appli¬ 
cations. One of the most important 
of these developments is the tun¬ 
nel diode, which is used for am¬ 
plification, switching, and pulse 
generation. This special diode is 
described in the RCA TRANSIS¬ 
TOR MANUAL SC-13 and in 
greater detail in the RCA TUN¬ 
NEL DIODE MANUAL TD-30. 

When a second junction is added 
to a semiconductor diode to pro¬ 
vide power or voltage amplifica¬ 
tion (as shown in Fig. 9), the 
resulting device is called a tran¬ 
sistor. The three regions of the 
device are called the emitter, the 
base, and the collector, as shown 
in Fig. 13. In normal operation, 


EMITTER 


BASE 


COLLECTOR 


Figure 13. Functional diagram of transistor 
structure. 


the emitter-to-base junction is 
biased in the forward direction 
and the collector-to-base junction 
in the reverse direction. 

Different symbols are used for 
n-p-n and p-n-p transistors to 
show the difference in the direc¬ 
tion of current flow in the two 
types of devices. In the n-p-n 
transistor shown in Fig. 14(a), 
electrons flow from the emitter to 
the collector. In the p-n-p transis¬ 
tor shown in Fig. 14(b), electrons 
flow from the collector to the emit¬ 
ter. In other words, the direction 
of electron current is always op¬ 
posite to that of the arrow on 
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the emitter lead. (As in the case 
of semiconductor diodes, the ar¬ 
row indicates the direction of 
“conventional current flow'’ in the 
circuit.) 

The first two letters of the 
n-p-n and p-n-p designations indi- 


EMITTER 



COLLECTOR 




I BASE 

(a) N-P-N TRANSISTOR 


EMITTER 


COLLECTOR 


I BASE 

(b) P-N-P TRANSISTOR 

Figure 14. Schematic symbols for 
transistors. 


cate the respective polarities of 
the voltages applied to the emitter 
and the collector in normal opera¬ 
tion. In an n-p-n transistor, the 
emitter is made negative with re¬ 
spect to both the collector and the 
base, and the collector is made 
positive with respect to both the 
emitter and the base. In a p-n-p 
transistor, the emitter is made 
positive with respect to both the 
collector and the base, and the col¬ 
lector is made negative with re¬ 
spect to both the emitter and the 
base. 

The transistor, which is a three- 
element device, can be used for a 
wide variety of control functions, 
including amplification, oscilla¬ 
tion, and frequency conversion. 
Power-transistor characteristics 
and ratings are discussed in de¬ 
tail in the section on Silicon 
Power Transistors. 
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OILICON rectifiers can be oper- 
^ ated at ambient temperatures 
up to 200°C and at current levels 
of hundreds of amperes and volt¬ 
age levels as high as 1000 volts. 
In addition, parallel or series ar¬ 
rangements of two or more recti¬ 
fiers can be used to provide even 
higher current or voltage capa¬ 
bilities. Because of their high 
forward-to-reverse current ratios, 
silicon rectifiers can achieve rec¬ 
tification efficiencies greater than 
99 per cent. The rectifiers are very 
small and lightweight, and can be 
made highly resistant to shock 
and other severe environmental 
conditions. In addition, they have 
excellent life characteristics which 
are not affected by aging, mois¬ 
ture, or temperature. 

THEORY OF OPERATION 

The operation of a silicon recti¬ 
fier can be conveniently explained 
by analysis of the flow of charge 
carriers across the p-n junction 
under both forward- and reverse- 
bias conditions. Alternatively, an 
analysis of the potential distribu¬ 
tion in the junction for each bias 
condition may be used to predict 
the behavior of the rectifier. 

In a silicon rectifier, the re¬ 
gions adjacent to the metal con¬ 
tacts are heavily doped, one with 
p-type dopant and the other with 
n-type dopant, to ensure that 


nonrectifying ohmic contacts are 
formed at the silicon-to-metal 
interfaces. A rectifying junction 
should exist only within the sili¬ 
con, at the interface of the n- 
type and p-type regions. A lightly 
doped n-type region between the 
heavily doped n- and p-type re¬ 
gions provides the high block¬ 
ing-voltage capability required 
of the rectifier. Because of this 
lightly doped region, the more 
heavily doped n-type region ad¬ 
jacent to the metal contact is 
referred to as the n+ region. The 
silicon rectifier, therefore, is a 
p-n-n+ structure. 

Carrier-Flow Analysis 

The theory of operation of 
p-n-n+ silicon junctions can be 
visualized by use of the diagrams 
shown in Fig. 15. In these dia¬ 
grams, free electrons are repre¬ 
sented by dots and free holes by 
circles; the movements of elec¬ 
trons and holes are indicated by 
arrows. 

In equilibrium, as shown in Fig. 
15(b), each region of the crystal 
contains approximately the same 
number of free electrons or free 
holes as the amount of donor 
impurities or acceptor impurities, 
respectively. The p-type region 
contains only holes, the n-type re¬ 
gion contains only electrons, and 
the metal contacts contain both 
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holes and electrons. The nature of 
the metal-to-semiconductor ohmic 
contact is such (as explained 
later) that only electrons can go 
from the metal into the n-type 
semiconductor, and only holes can 
go from the metal to the p-type 
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(e) FORWARD-BIAS CONDITION 

Figure 15. Concentrations of electrons 
(dots) and holes (circles) in a silicon 
rectifier. 

semiconductor. The resulting be¬ 
havior under forward- or reverse- 
bias conditions is as follows: 


Reverse-Bias Operation—When 
a reverse bias is applied (positive 


voltage to the n-type region and 
negative voltage to the p-type re¬ 
gion), a nonequilibrium distribu¬ 
tion of holes and electrons occurs 
because a region around the p-n 
junction is depleted of free charge 
carriers. This redistribution oc¬ 
curs because electrons are at¬ 
tracted by the positive voltage 
applied to the n-type region and 
holes are attracted by the nega¬ 
tive voltage applied to the p-type 
region so that they are displaced 
from the equilibrium positions, as 
shown in Fig. 15(c). The net re¬ 
sult is that carriers move away 
from both sides of the junction to 
create a depletion region or 
space-charge region which can 
withstand the applied voltage 
without further current flow, as 
shown in Fig. 15(d). Only a very 
small leakage current flows be¬ 
cause, as noted above, holes from 
the metal cannot enter the n-type 
region and electrons from the 
metal cannot enter the p-type re¬ 
gion. This leakage current can be 
attributed to thermal generation 
of electron-hole pairs within the 
depletion layer, as indicated in 
Fig. 15(d). 

Forward-Bias Operation—The 
junction is forward-biased when 
a positive voltage is applied to the 
p-type region and a negative volt¬ 
age is applied to the n-type re¬ 
gion. This bias causes holes and 
electrons to move toward and 
across the junction. As a result, 
the concentration of free charge 
carriers in the central region of 
the junction is greatly increased, 
as shown in Fig. 15(e). Holes 
from the left metal contact can 
freely enter the p-type region, and 
electrons from the opposite metal 
contact can freely enter the n-type 
region. An abundant supply of 
holes and electrons is available, 
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therefore, to replace those that 
move across the junction. 

Potential-Hill Analysis 

The operation of p-n-n+ silicon 
junctions may also be visualized 
in terms of the potential-energy 
diagrams shown in Fig. 16. In 
these diagrams, the vertical scale 
represents energy. An increase in 
electron energy is indicated by the 
upward direction from the Fermi 
energy level (Ef line), and an in¬ 
crease in hole energy is indicated 
by the downward direction from 
this level. Electrons are always 
above the Ep line and holes are 
always below this line, which rep¬ 
resents the ground state or zero 
energy level for both types of car¬ 
riers. Both electrons and holes 
tend to “fair' toward this level 
unless there is some source of en¬ 
ergy to move them away from it. 
Thermal energy from the silicon 
crystal is one source of energy 
that normally causes some of the 
carriers to be displaced above and 
below the Fermi level, as shown in 
Fig. 16(b). 

In the metal contacts, holes and 
electrons exist side by side because 
there is no forbidden-energy re¬ 
gion. In the semiconductor ma¬ 
terial, however, the Fermi level 
lies within a forbidden-energy 
region which cannot be penetrated 
by holes or electrons. In the n- 
type semiconductor, the Fermi 
level lies near the top of the for¬ 
bidden-energy region, and there 
is ample space for free electrons 
to move about. There are no holes 
in the n-type region, however, be¬ 
cause more energy is required to 
force the holes below the forbid¬ 
den-energy region than can be 
supplied by the thermal effects. 
Similarly, in the p-type region, the 
Fermi level lies close to the bot¬ 


tom of the forbidden-energy re¬ 
gion. The holes, therefore, can 
easily obtain enough thermal en¬ 
ergy to get below this region, but 
electrons cannot obtain enough 
energy to get above it. As a result, 
only holes can enter the p-type 
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Figure 16. Potential-hill diagrams for vari¬ 
ous stages of rectifier operation (upward 
direction indicates increasing electron en¬ 
ergy; downward direction indicates increas¬ 
ing hole energy). 


region from the metal, and only 
electrons can enter the n-type re¬ 
gion from the metal. Holes can 
freely circulate between the metal 
and the p-type region, but elec- 
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trons are excluded. Electrons can 
freely circulate between the metal 
and the n-type region, but holes 
are excluded. 

In visualizing the operation of 
a silicon rectifier by use of the 
potential-hill diagrams shown in 
Fig. 16, the following factors must 
be considered: 

1. The shape of the forbidden- 
energy region is rigid at the 
metal-to-semiconductor con¬ 
tact. The shape is deter¬ 
mined by the doping level 
(or carrier concentration), 
which is extremely high at 
the contacts and cannot, 
therefore, be changed by the 
carriers injected or removed 
by applied voltage or cur¬ 
rent. 

2. The shape of the forbidden- 
energy region is flexible at 
the p-n junction because the 
carrier concentration at the 
junction is quite low and can 
be readily influenced by ad¬ 
dition or removal of carriers 
by means of an applied bias. 

The behavior under forward- and 
reverse-biased conditions may 
then be explained as follows: 

Reverse-Bias Operation— Un¬ 
der reverse-bias conditions, the 
potential energy of electrons is 
increased on the negatively biased 
side of the junction so that the 
energy at this end is higher, as 
shown in Fig. 16 (c). Although the 
applied bias is such that it tends 
to push electrons from the metal 
into the p-type region and holes 
from the metal into the n-type re¬ 
gion, no current flows because the 
rigidity of the forbidden-energy 
region at the contacts prevents 
such movements of the charge 
carriers. The applied voltage sim¬ 
ply increases the height of the 
potential hill at the junction be¬ 


cause there are no carriers avail¬ 
able to move in the direction that 
the field would cause them to 
move. On both sides, the carriers 
have an “uphiir' climb to the 
junction. 

Forward-Bias Operation— The 

application of a positive voltage 
to the p-type region and a nega¬ 
tive voltage to the n-type region 
raises the electrons to a higher 
potential energy on the n-type 
side of the junction, as shown in 
Fig. 16(d). This bias must alter 
the shape of the forbidden-energy 
region so that its ends meet the 
changed energy levels of the 
metals. Because the shape is 
flexible only at the junction, the 
applied bias causes the profile of 
the forbidden-energy region to be 
altered, as shown in Fig. 16(d), 
to reduce the height of the built-in 
potential hill. As a result, many 
electrons now have sufficient 
thermal energy to get over the 
hill, and many holes have sufficient 
thermal energy to get under it. 
Because the height of the hill is 
equivalent to about one electron- 
volt, a forward bias of one volt is 
sufficient to allow electrons and 
holes to move unimpeded across 
the junction; the current is then 
limited only by the ohmic resist¬ 
ance of the external circuit. 

CHARACTERISTICS 
AND RATINGS 

The characteristics data and the 
ratings given in the manufac¬ 
turer's specifications on silicon 
rectifiers provide an important 
guide to the selection of the proper 
device for a given circuit applica¬ 
tion. Characteristics data provide 
the information that a circuit 
designer needs to predict the per¬ 
formance capabilities of his cir- 
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cuit, and form the basis for the 
ratings that define the safe oper¬ 
ating limits for the rectifier. 

Important Characteristics 

Characteristics data given for 
silicon rectifiers are based on the 
manufacturer’s determination of 
the inherent qualities and traits 
of the device. Characteristics are 
usually directly measurable at¬ 
tributes. Of the various rectifier 
characteristics for which data are 
given, four of the most important 
are thermal impedance, forward- 
voltage drop, reverse (leakage) 
current, and reverse recovery 
time. These four characteristics 
help determine the performance 
and environmental capabilities and 
limitations of rectifiers. 

Thermal Impedance —Although 
silicon rectifiers can operate at 
high temperatures, the actual pel¬ 
let of silicon which performs the 
rectification is quite small and has 
a very low thermal capacity. Dur¬ 
ing normal operation, the rectifier 
p-n junction dissipates approxi¬ 
mately 1 watt of power for each 
ampere of forward current. The 
temperature of the junction rises 
rapidly during high-current opera¬ 
tion. An increase in junction tem¬ 
perature beyond rated capabilities, 
as a result of either high currents 
or excessive ambient tempera¬ 
tures, may cause rectifier failure, 
either directly because of irrevers¬ 
ible material damage as a result 
of the high temperature or indi¬ 
rectly because of the effect of the 
increased temperature on the re¬ 
verse-blocking capability of the 
rectifier, as described later. The 
heat dissipated in the silicon pel¬ 
let must be removed rapidly, 
therefore, so that the temperature 
of the junction is not allowed to 


rise above the safe operating 
value of 200°C. For this reason, 
the silicon pellet is mounted be¬ 
tween heavy copper parts in a 
symmetrical direct-soldered ar¬ 
rangement that results in uniform 
distribution of thermal stresses, 
minimum thermal fluctuations, 
and low thermal resistance. 

Fig. 17 shows a cross-sectional 
diagram of a typical silicon recti¬ 
fier. Because of the way in which 
the rectifier is constructed, there 



Figure 17. Cross-sectional diagram of a 
typical silicon rectifier. 


is always a thermal ‘"drop” be¬ 
tween the p-n junction and the 
outside of the rectifier case. This 
thermal “drop”, which is analo¬ 
gous to the voltage drop across 
the various components of an elec¬ 
trical circuit, is caused by the 
thermal impedances of the various 
components of the internal recti¬ 
fier structure. These impedances 
include both thermal resistance 
and thermal capacitance. The 
lower side of the silicon pellet is 
soldered directly to a heavy copper 
stud that provides a low-thermal- 
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resistance path between the pellet 
and the rectifier heat sink. The 
upper side of the pellet is soldered 
to a heavy copper block which, to¬ 
gether with the stud, forms a 
thermal capacitor. 

During long periods of steady- 
state operation, the thermal capac¬ 
itance becomes fully charged and 
does not affect the operation of 
the rectifier. For this reason, 
thermal-capacitance values are not 
included in manufacturers' speci¬ 
fications on silicon rectifiers. It 
is important, however, that the 
specifications include the thermal 
resistance, expressed in °G per 
watt, because this value is used, 
together with the power dissi¬ 
pated by the rectifier, to de¬ 
termine the rise in junction 
temperature above the case tem¬ 
perature. 

The thermal capacitance incor¬ 
porated into the rectifier struc¬ 
ture becomes extremely important 
when the rectifier junction is sub¬ 
jected to sudden changes in cur¬ 
rent, such as may occur during a 
fault condition. This capacitance 
absorbs heat produced by high- 
current pulses and allows the 
heat to flow through the pellet 
and stud (low-thermal-resistance 
path) during periods of low cur¬ 
rent. In this way, fluctuations in 
junction temperature are held to 
a minimum. 

Forward-Voltage Drop — The 

major source of power loss in a 
silicon rectifier arises from the 
forward-conduction voltage drop. 
This characteristic, therefore, is 
the basis for many of the rectifier 
ratings. 

A silicon rectifier usually re¬ 
quires a forward voltage of 0.4 to 
0.8 volt, depending upon the tem¬ 
perature and impurity concentra¬ 
tion of the p-n junction, before 


a significant amount of current 
flows through the device. As shown 
in Fig. 18, a slight rise in the 
forward voltage beyond this point 
causes a sharp increase in the for¬ 
ward current. The slope of the 
voltage-current characteristic at 
voltages above this threshold value 



Figure 18. Typical forward characteristics 
of a silicon rectifier. 


represents the dynamic resistance 
of the rectifier. Losses that result 
from this resistance characteris¬ 
tic increase as the square of the 
current and thus increase rapidly 
at high current levels. The dy¬ 
namic resistance is dependent 
upon the construction of the rec¬ 
tifier junction and is inversely 
proportional to the area of the 
silicon pellet. 

Fig. 18 also shows that, at any 
reasonable current level, the value 
of forward voltage required to 
initiate current flow through the 
rectifier decreases as the tempera¬ 
ture of the rectifier junction in¬ 
creases. This voltage-temperature 
dependence has a compensatory ef¬ 
fect in rectifiers operated at high 
currents, but it is a source of diffi¬ 
culty when rectifiers are operated 
in parallel. 

Reverse Current—When a re¬ 
verse-bias voltage is applied across 
a silicon rectifier, a limited amount 
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of reverse-blocking current flows 
through the rectifier. This current 
is in the order of only a few 
microamperes, as compared to the 
milliamperes or amperes of for¬ 
ward current produced when the 
rectifier is forward-biased. Ini¬ 
tially, as shown in Fig. 19, the 
reverse current increases slightly 
as the blocking voltage increases. 


VOLTAGE 0 



Figure 19. Typical reverse characteristics 
of a silicon rectifier. 

but then tends to remain rela¬ 
tively constant, even though the 
blocking voltage is increased sig¬ 
nificantly. The figure also indicates 
that an increase in operating tem¬ 
perature causes a substantial in¬ 
crease in reverse current for a 
given reverse voltage. Reverse- 
blocking thermal runaway may oc¬ 
cur because of this characteristic 
if the reverse dissipation becomes 
so large that, as the junction tem¬ 
perature rises, the losses increase 
faster than the rate of cooling. 

If the reverse blocking voltage 
is continuously increased, it even¬ 
tually reaches a value (which 
varies for different types of sili¬ 
con rectifiers) at which a very 
sharp increase in reverse current 
occurs. This voltage is called the 
breakdown or avalanche (or 
Zener) voltage. Although recti¬ 
fiers can operate safely at the 
avalanche point, the rectifier may 
be destroyed as a result of thermal 
runaway if the reverse voltage in¬ 
creases beyond this point or if 


the temperature rises sufficiently 
(e.g., a rise in temperature from 
25°C to 150°C increases the cur¬ 
rent by a factor of several hun¬ 
dred) . 

Reverse-Recovery Time—After 
a silicon rectifier has been oper¬ 
ated under forward-bias condi¬ 
tions, some finite time interval (in 
the order of a few microseconds) 
must elapse before it can return 
to the reverse-bias condition. This 
reverse-recovery time is a direct 
consequence of the greatly in¬ 
creased concentration of charge 
carriers in the central region that 
occurs during forward-bias opera¬ 
tion. If the bias is abruptly re¬ 
versed, these carriers abruptly 
change direction and move out in 
the reverse direction. Because 
there is a finite number of these 
carriers in the central region, and 
there is no source of additional 
charge carriers to replace those 
that are removed, the device will 
eventually go into the reverse- 
bias condition. During the removal 
period, however, the charge car¬ 
riers constitute a reverse current 
known as the reverse-recovery 
current. 

The reverse-recovery time im¬ 
poses an upper limit on the fre¬ 
quency at which a silicon rectifier 
may be used. Any attempt to op¬ 
erate the rectifier at frequencies 
above this limit results in a sig¬ 
nificant decrease in rectification 
efficiency and may also cause 
severe overheating and resultant 
destruction of the rectifier be¬ 
cause of power losses during the 
recovery period. 

Ratings 

Ratings for silicon rectifiers 
are determined by the manufac¬ 
turer on the basis of extensive 
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testing. These ratings express the 
manufacturer's judgment of the 
maximum stress levels to which 
the rectifiers may be subjected 
without endangering the operating 
capability of the unit. The fol¬ 
lowing list includes various fac¬ 
tors for which silicon rectifiers 
must be rated: peak reverse 
voltage, forward current, surge 
(or fault) current, operating 
and storage temperatures, am¬ 
peres squared-seconds, and mount¬ 
ing torque. 


Peak Reverse Voltage—Peak 
reverse voltage (PRV) is the rat¬ 
ing used by the manufacturer to 
define the maximum allowable re¬ 
verse voltage that can be applied 
across a rectifier. This rating is 
less than the avalanche breakdown 
level on the reverse characteris¬ 
tic. With present-day diffused 
junctions, the power dissipation at 
peak reverse voltage is a small 
percentage of the total losses in 
the rectifier for operation at the 
maximum rated current and tem¬ 
perature levels. The reverse dissi¬ 
pation may increase sharply, 
however, as temperature or block¬ 
ing voltage is increased to a point 
beyond that for which the device 
is capable of reliable operation. 
It is important, therefore, to op¬ 
erate within ratings. 

A transient reverse voltage rat¬ 
ing may be assigned when it has 
been determined that increased 
voltage stress can be withstood 
for a short time duration provided 
that the device returns to normal 
operating conditions when the 
overvoltage is removed. This con¬ 
dition is illustrated in Fig. 20, 

Peak-reverse voltage ratings for 
single-j unction silicon rectifiers 
range from 50 to 1500 volts and 
for multiple-junction silicon-recti¬ 


fier stacks may be as high as sev¬ 
eral hundred thousands of volts. 


TRANSIENT PRV 




REPETITIVE PRV 


Figure 20. Typical waveform of repetitive 
and transient reverse voltages applied 
across a silicon rectifier. 


Forward Current—The current 
rating assigned to a rectifier is 
expressed as a maximum value of 
forward current at a specific case 
temperature. For these conditions, 
the power dissipation and internal 
temperature gradient through the 
thermal impedance from junction 
to case are such that the junction 
is at or near the maximum oper¬ 
ating temperature for which the 
blocking-voltage rating can be 
maintained. At current levels 
above this maximum rating, the 
internal and external leads and 
terminals of the device may ex¬ 
perience excessive temperatures, 
regardless of the heat sink pro¬ 
vided for the pellet itself. The 
current rating can be described 
more fully in the form of a curve 
such as that shown in Fig. 21, 



Figure 21. Current rating chart for a 12- 
ampere silicon rectifier. 
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Because the current through a 
rectifier is not normally a smooth 
flow, current ratings are usually 
expressed in terms of average cur¬ 
rent (lavg), peak current (Ipk), 
and rms current (Irms)- Each of 
these currents may be expressed 
in terms of the other two currents. 

The average current through a 
rectifier in half-sine-wave service 
is related to the peak current by 
the following equation: 


1 L' sin cot d(cot) 


= - Ipk 
TT 


(la) 


or 

Ipk — TT lavg (lb) 

The relationship between the 
peak current and rms current of 
a rectifier in half-sine-wave ser¬ 
vice can be expressed as follows: 


Ipk^ sin^ cot d(cot) 
+ 0 d(cot)^ 


2t 


Ipk 


(2a) 


or 


Table I—Relationship of lavg, Irms, 
and Ipk 

Ipk 77 laA'g 3.14 lavg 
lavg - (I/tt) Ipk = 0.32 Ipk 
T — 9 T 

-*-pk — " ■'•rms 

Irms Ipk 

lavg = (2/77) Irms = 0.64 I^ms 
Irms ~ ( 77 / 2 ) lavg — 1.57 lavg 


Published data for rectifiers 
usually list maximum limits for 
average current and for repetitive 
peak current. The maximum av¬ 
erage forward-current rating is 
the maximum average value of 
current that is allowed to flow 
through the rectifier in the for¬ 
ward direction under stated con¬ 
ditions. The repetitive peak 
forward-current rating is the 
maximum instantaneous value of 
repetitive forward current per¬ 
mitted under stated conditions. 
The dual maximum ratings are 
required because, under certain 
conditions (e.g., when a high 
capacitive load is used), it is pos¬ 
sible for the average current to 
be low and for the peak current 
to be high enough to cause over¬ 
heating of the rectifier. The ap¬ 
proximate expression for power 
losses P in a silicon rectifier, 
given by the following equation, 
can be used to explain how this 
type of operation is possible: 


Ipk = 2 Irms (2b) 

Table I summarizes the rela¬ 
tionships expressed by Eqs. (1) 
and (2). As discussed later, cer¬ 
tain of these relationships are 
used to determine the power dis¬ 
sipated in a rectifier. The rela¬ 
tionships for average, peak, and 
rms currents are applicable only 
when the rectifier is used in half- 
sine-wave service. 


E (watts) — 

(^dc Ide) + (Irms^ E^yn) (3) 

where the voltage V^c is 0.4 to 
0.9 volt depending upon the junc¬ 
tion temperature; the direct cur¬ 
rent I(jc is equivalent to the aver¬ 
age current I^vg; the current I^ms 
is the true rms current and, for 
a fixed average current, increases 
as the peak current increases; 
andR^yn is the dynamic resistance 



Silicon Rectifiers 


21 


of the rectifier over the current 
rang'e considered. 

An analysis of Eq. (3) shows 
that if the peak current is in¬ 
creased and the conduction time 
is decreased so that the average 
current is held constant, the rms 
current and, therefore, the power 
dissipated in the rectifier 
R(iyn) are also increased. This be¬ 
havior explains why the maximum 
permissible value of average cur¬ 
rent in multiple-phase circuits is 
reduced as the number of phases 
is increased and the conduction 
period is reduced. Fig. 21 shows 
the effect of the number of phases 
on the variation in average cur¬ 
rent with case temperature. 


used to limit the duration of the 
surges. In some cases, a rectifier 
that has a higher surge rating 
than average current requirements 
indicate to be necessary may be 
used to meet surge requirements 
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Surge Current—A third maxi- 
mum-current limit given in the 
manufacturer's data on silicon 
rectifiers is the surge (or fault) 
current rating. During operation, 
unusually high surges of current 
may result from in-rush current 
at turn-on, load switching, and 
short circuits. A rectifier can ab¬ 
sorb a limited amount of increased 
dissipation that results from 
short-duration high surges of cur¬ 
rent without any effect except a 
momentary rise in junction tem¬ 
perature. If the surges become 
too high, however, the tempera¬ 
ture of the junction may be raised 
beyond the maximum capability 
of the device. The rectifier may 
then be driven into thermay run¬ 
away and, consequently, be de¬ 
stroyed. Fig. 22(a) shows a typi¬ 
cal surge-current rating curve 
for a silicon rectifier. 

If the value and duration of 
anticipated current surges exceed 
the rating of the rectifier, im¬ 
pedance may be added to the cir¬ 
cuit to limit the magnitude of the 
surge current, or fuses may be 



Figure 22. (a) Peak-surge-current rating 
chart for a 12-ampere silicon rectifier; 
(b) coordination chart that relates rectifier 
surge-current rating (curve A), opening 
characteristics of circuit fuses (curve B), 
and maximum available surge current in 
a circuit (curve C). 

of the circuit. This technique 
eliminates the need for additional 
circuit impedance elements or 
special fusing. 

If fuses are used to protect the 
rectifiers, a coordination chart, 
such as that shown in Fig. 22(b), 
should be constructed. This chart 
shows the surge rating of the rec¬ 
tifier (curve A), the opening char- 
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acteristics of the fuse (curve B), 
and the maximum surge current 
available in the circuit (curve C). 
In the construction of a coordina¬ 
tion chart for a particular recti¬ 
fier, the rms value of the surge 
current can be obtained from a 
universal surge-rating chart, such 
as that shown in Fig. 23. The 
opening characteristics of the fuse 



Note; The rms current given by this curve is a 
partial surge rating and should be added to the 
normal rms current to determine the total surge 
rating. 

Figure 23. Universal surge-current rating 
chart for RCA silicon rectifiers. 

can be obtained from the manu¬ 
facturer's published data, and the 
maximum surge current can be 
calculated. 

The coordination chart shown 
in Fig. 22(b) was prepared for a 
12-ampere silicon rectifier oper¬ 
ated in half-wave service from a 
220-volt rms ac source and pro¬ 
tected by a fuse having opening 
characteristics as shown by 
curve B. If the total short- 
circuit impedance of all the rec¬ 
tifier elements is determined to 
be 2.25 ohms, the peak surge 
current 1^ for full-wave opera¬ 
tion can be calculated as fol¬ 
lows : 


_ 220 X 1.41 
2.25 

= 137.6 amperes 


For half-wave service, the peak 
surge current (1^ = Ipk) can be 
converted to rms current by use 
of the relationships given in 
Table I, as follows: 

T _ i T 

Arms — 2 -^pk 

137.6 _. 

= - , or 68.8 amperes 


Curve A of Fig. 22(b), which is 
merely a reproduction of the 12- 
ampere curve on the universal rat¬ 
ing chart shown in Fig. 23, gives 
the surge-current rating of the 
12-ampere silicon rectifier, but 
does not consider the normal rms 
value of current that the rectifier 
can handle. This normal value of 
rms current must be subtracted 
from the total surge current to 
determine the actual overcurrent 
of the fault. First, the relation¬ 
ships in Table I are used to con¬ 
vert the average-current rating of 
the rectifier to the normal rms 
value, as follows: 

Irms ~ 1.57 lavg 

= 1.57 X 12, or 18.8 amperes 

The overcurrent is then deter¬ 
mined from the following calcula¬ 
tion: 


I 


surge 


Inormal — 68.8 —18.8, 

or 50 amperes 


The 50-ampere fault current is 
represented on the coordination 
chart in Fig. 22(b) by the 
straight-line curve C. The 12- 
ampere rectifier can sustain a 
fault current of this magnitude 
for 51 milliseconds, as indicated 
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by the point of intersection of 
curves A and C. The fuse, how¬ 
ever, opens and interrupts the 
flow of current in the circuit 
after 43 milliseconds, as indi¬ 
cated by the point of intersec¬ 
tion of curves B and C, and the 
rectifier is protected. 

Amperes Squared-Seconds (I-t) 

—The amperes squared-seconds 
rating of a silicon rectifier pro¬ 
vides information on the maxi¬ 
mum subcycle surge current that 
the rectifier can sustain when it 
is used with extremely fast cir¬ 
cuit-interrupting devices or is 
operated in nonsinusoidal rectifier 
applications. In the manufac¬ 
turer’s published data, the rating 
is usually given for operation at 
60 Hz and is calculated from the 
maximum peak surge current that 
the rectifier can sustain over the 
period of one cycle (16.67 milli¬ 
seconds), as follows: 

one-cycle surge-current rating \ 

2 ) 

X 16.67 X 10-* (4) 


maximum surge current can be 
calculated for any time between 
0.83 millisecond and 8.3 milli¬ 
seconds (i.e., from 5 to 50 per 
cent of the period of one cycle). 
For example, if a square wave of 
current is to be passed through 
the 12-ampere rectifier for 3 milli¬ 
seconds, the maximum current 
that can be tolerated is determined 
as follows: 




240 amperes squared-seconds 
3 X 10“ 2 seconds 

= 283 amperes 


If a half-cycle sine wave of cur¬ 
rent is passed through the recti¬ 
fier instead of the square wave of 
current, the peak value of the 
maximum permissible current is 
determined by use of the relation¬ 
ship in Table I, as follows: 


The peak value of surge current 
that can be sustained by a 12- 
ampere silicon rectifier is given 
by the curve shown in Fig. 22(a) 
as 240 amperes. The amperes 
squared-seconds rating for the 
rectifier is then determined from 
the following calculation: 


Pt = j X 16.67 X 10-3 
= 240 amperes squared-seconds 

From the value obtained for 
the Pt rating, the rms value of the 


Ipk 2 Irms 

= 2 X 283, or 566 amperes 


SERIES AND PARALLEL 
RECTIFIER ARRANGEMENTS 

Two or more silicon rectifiers 
can be used in parallel or series 
arrangements to extend current 
and voltage capabilities beyond 
the limits attainable from a single 
rectifier. Some basic considera¬ 
tions for multiple connections of 
silicon rectifiers are discussed in 
the following paragraphs. 
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Parallel Arrangements 

When two or more silicon rec¬ 
tifiers are connected in parallel, 
the current-handling capability of 
the combined units is substantially 
greater than that of a single rec¬ 
tifier of the same type. It is often 
more practical, however, to obtain 
the greater current capability by 
use of a multiphase circuit or by 
selection of a single higher-cur¬ 
rent rectifier, if available, that 
can provide the capabilities re¬ 
quired. 

When rectifiers are to be used 
in parallel arrangements, the main 
concern is the forward-voltage 
characteristics of the rectifiers 
selected. If the forward-voltage 
characteristics of the rectifiers are 
not closely matched, an unbalance 
in the current division among the 
rectifiers occurs. The rectifier that 
has the lower forward-voltage 
drop receives a larger share of 
the total current. The higher cur¬ 
rent causes a greater heating of 
this rectifier which further in¬ 
creases the current. This regen¬ 
erative effect can result in destruc¬ 
tion of the rectifier and can lead 
to progressive destruction of all 
the rectifiers in the parallel ar¬ 
ray. In parallel operation of 
silicon rectifiers, therefore, the 
circuit configuration should assure 
that the rectifiers receive equal 
shares of the total current, for¬ 
ward-voltage characteristics of 
the rectifiers should be closely 
matched, or a combination of 
both techniques should be used. 

An equal division of current 
among the rectifiers can be forced 
by use of resistors or balancing 
inductors in series with each rec¬ 
tifier. The major disadvantage to 
the use of series resistors is that 
they introduce large power losses 


that reduce rectifier efficiency. The 
major disadvantage of balancing 
reactors is the relatively high cost 
of these components. 

The best method to assure equal 
division of current through paral¬ 
lel rectifiers is to select rectifiers 
on the basis of the match in their 
forward-voltage characteristics. 
This selection can be made more 
easily when a large number of 
parallel circuits is to be construc¬ 
ted, because the rectifiers can 
then be graded into different volt¬ 
age-drop categories and units 
from only one category selected 
for a given parallel circuit. Be¬ 
cause the forward voltage drop of 
a silicon rectifier is dependent 
upon the temperature, rectifiers 
used in a parallel array should be 
maintained at the same tempera¬ 
ture. One technique that may be 
used to assure that temperature 
deviations among the rectifiers 
will be held to a minimum is to 
mount all the units in the parallel 
array on the same heat sink. 

When silicon rectifiers are con¬ 
nected in parallel arrangements, 
all contacts should have a low re¬ 
sistance, the wires used should be 
large enough so that their re¬ 
sistance is negligible, and in high- 
current arrays the wiring should 
be arranged so that a minimum 
unbalance in inductive effects is 
achieved. 


Series Arrangements 

Two or more silicon rectifiers 
may be connected in series ar¬ 
rangements when voltage require¬ 
ments exceed the capabilities of 
a single rectifier. The main con¬ 
cern when rectifiers are to be 
operated in series is that the re¬ 
verse voltage be divided equally 
across each rectifier. The use of 
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resistance-capacitance equalizing 
networks and the selection of rec¬ 
tifiers that have matched reverse 
characteristics are the two most 
common techniques employed to 
assure equal voltage division. 
These techniques are discussed in 
greater detail later in connection 
with High-Voltage Rectifier As¬ 
semblies. 

A third technique that may be 
employed when rectifiers are con¬ 
nected in series is the use of 
transformers that have multiple 
secondary windings. Each second¬ 
ary winding is connected across 
one of the rectifiers in the series 
array. This technique is practical 
when only a few rectifiers are to 
be connected in series. For a large 
number of rectifiers, the cost and 
complexity of the multiple-second¬ 
ary approach become prohibitive. 

HIGH-VOLTAGE 
RECTIFIER ASSEMBLIES 

A series-stack arrangement of 
rectifier units is used when volt¬ 
ages higher than those obtainable 
from a single rectifier are re¬ 
quired. Several methods have been 
used to equalize the voltage dis¬ 
tribution across series recti¬ 
fiers for high-voltage assemblies. 
Among these methods the two 
most common are RC compensa¬ 
tion and selection of matched rec¬ 
tifiers for uncompensated assem¬ 
blies. 

RC-Compensated Assemblies 

In the RC-compensated high- 
voltage stack, a resistor and a ca¬ 
pacitor are placed across each 
rectifier unit. These resistors and 
capacitors force an equal division 
of reverse voltage across each unit 
in the series string if their values 
are chosen so that, under all op¬ 


erating conditions, these com¬ 
ponents, and not the rectifiers, 
control the distribution of the volt¬ 
age. The resistors control the volt¬ 
age division during dc operation. 
The capacitors control the voltage 
division during high-frequency op¬ 
eration or when transient voltages 
are applied. Both the,resistor and 
the capacitor control the voltage 
division during normal low-fre¬ 
quency operation. 

The stray capacitance from the 
rectifiers to ground, in Fig. 24, 
tends to cause an unequal distri¬ 
bution of voltage across the rec¬ 
tifiers. The disruptive effect of 
this stray capacitance is one rea- 



Figure 24. High-voltage rectifier assembly 
using shunt capacitors (Cs) to compensate 
for stray capacitances (Cg) and to equalize 
the reverse-recovery times of the 
rectifier units. 

son for the use of a shunt capaci¬ 
tor Cs across each rectifier. 

The effect of the stray capaci¬ 
tance is greatest during transient 
conditions. When a step reverse 
voltage is applied to the rectifier 
terminal farthest from ground, 
most of this voltage appears 
across the first rectifier in the 
series stack. This condition occurs 
because the junction capacitance 
of that rectifier is small and has 
a large reactance compared to the 
capacitance to ground of the re¬ 
mainder of the rectifiers in the 
stack. If a shunt capacitor C<„ 
which is large in comparison to 
the stray capacitance Co-, is con¬ 
nected across each rectifier, an 
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equal voltage distribution can be 
firmly established among all the 
rectifiers in the series stack. 

The shunt capacitors are also 
used to equalize reverse-recovery 
time. As mentioned in the section 
on Characteristics and Ratings, 
reverse recovery of a rectifier is 
basically the result of two effects: 
(1) minority carriers are swept 
out of the junction by reverse cur¬ 
rent, and (2) minority carriers 
recombine in. the junction area. 
Of these two effects, the faster one 
is the sweeping out of minority 
carriers by reverse current. 

In any string of rectifiers, the 
reverse recovery time of the in¬ 
dividual units differs slightly. If 
the rectifiers are not specially 
graded for recovery times, then 
those units which recover first 
must either block the total re-, 
applied voltage or pass reverse 
current. When these faster units 
recover, they stop the flow of re¬ 
verse current and thereby slow 
down the recovery time of the re¬ 
maining units. The shunt capac¬ 
itors bypass reverse current 
around the recovered rectifiers 
and thereby speed up the recov¬ 
ery of the slower rectifiers. 


Uncompensated Rectifier 
Assemblies 

In an uncompensated high-volt¬ 
age rectifier stack, the character¬ 
istics of the series rectifiers are 
matched to provide an equal di¬ 
vision of voltage among individual 
units in the stack. The character¬ 
istics considered for this voltage 
division are reverse-recovery time, 
avalanche voltage, and reverse- 
dissipation capability. The effects 
of these characteristics are all 
interrelated and must be consid¬ 
ered together. 


When rectifiers have been sorted 
into recovery-time groupings, they 
can be used more reliably in series 
arrangement because all of them 
will recover their blocking ability 
at about the same time. Any 
charge which flows into the ca¬ 
pacitance Cg is partially supplied 
while all the rectifiers are still in 
an '‘ON’' state. Any current that 
flows during this time passes 
through units which are in a low- 
impedance state; the power dissi¬ 
pated across them, therefore, is 
small. In addition, if all the units 
have matched recovery-time char¬ 
acteristics, the main mode of re¬ 
verse recovery results from a 
sweeping out of minority carriers, 
and all the rectifiers recover by 
the faster recovery method. Any 
unbalance in recovery time is 
small, therefore, and the units 
which recover first have to block 
excess voltage for only a very 
short period of time. 

A rectifier in an externally un¬ 
compensated series stack that re¬ 
covers before the other rectifiers 
in the stack immediately begins to 
block all the voltage; as a result, 
the blocking-voltage capability of 
this rectifier may be exceeded 
sufficiently to cause failure of the 
device. 

In effect, matching of recovery¬ 
time and avalanche characteristics 
of rectifiers performs the same 
function as the capacitor and re¬ 
sistor in RC-compensated series 
stacks. The reverse-dissipation 
capability of the rectifier takes 
the place of the capacitor in the 
RC-compensated series stack. The 
use of matched avalanche charac¬ 
teristics provides the same results 
as the compensating resistor dur¬ 
ing dc operation. The match in 
the reverse-dissipation capability 
of the rectifiers assures that there 
is no decrease in reliability of the 
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unit as a result of the avalanche 
action. 

Packaging 

There are generally three meth¬ 
ods of packaging high-voltage rec¬ 
tifier assemblies: encapsulation; 
open exposure to air; and immer¬ 
sion in a special high-voltage at¬ 
mosphere, such as transformer oil 
or the newer gaseous insulating 
mediums. Each of these systems 
has its advantages and disad¬ 
vantages. 

When encapsulation is used, a 
high packing density can be 
achieved. The encapsulant protects 
the rectifier stack from harmful 
atmospheres, such as those en¬ 
countered in high-humidity areas. 
The encapsulant further protects 
the stack from accumulations of 
dust and dirt which can cause 
leakage ^paths and upset voltage 
division among the rectifiers. On 
the other hand, the encapsulant 
acts as a barrier to the checking 
of individual units in the stack 
so that a rectifier failure cannot 
be repaired, even if it can be de¬ 
tected ; any deterioration of the 
stack which is detected by an over¬ 
all check of the total assembly 
can be corrected only by replace¬ 
ment of the total stack. In addi¬ 
tion, the encapsulation of high- 
current assemblies results in a 
serious loss of heat-dissipating 
ability. 

For these reasons, it is not ad¬ 
visable to encapsulate very large 
or expensive assemblies. If a high- 
voltage, low-current assembly is 
to be encapsulated, some thought 
should be given to the use of sev¬ 
eral encapsulated sections, so 
that if deterioration does take 
place in a part of the stack, only 
that part need be replaced. In 
general, only those assemblies 


which can be advantageously re¬ 
placed as a whole should be en¬ 
capsulated. 

Open assemblies directly ex¬ 
posed to the atmosphere have sev¬ 
eral advantages. They are fairly 
easy to install, and cooling can be 
accomplished by convection and 
radiation or, for high dissipation, 
by forced air. All the rectifiers are 
exposed and can be checked for 
deterioration. If a rectifier is 
found to have deteriorated, it can 
be replaced individually, and it is 
not necessary to discard the whole 
stack. Open construction permits 
efficient use of large heat sinks 
and allows the designer to make 
fuller use of the capability of the 
rectifier. 

The features which make encap¬ 
sulation attractive are the fea¬ 
tures which are disadvantages in 
the open stack. A low packing 
density is required because of iso¬ 
lation requirements. Harmful at¬ 
mospheres or high humidity can 
affect operation. Accumulations of 
dust and dirt can result in leak¬ 
age paths which upset the voltage 
division among the rectifiers, and 
during high-voltage operation 
corona may develop if care is not 
taken. 

Oil-immersed assemblies offer 
some of the advantages of both en¬ 
capsulated and open assemblies, 
plus a few additional advantages. 
When oil is used as an insulating 
medium, a fairly good packing 
density can be obtained. The inti¬ 
mate contact between the oil and 
the rectifier heat sinks aids recti¬ 
fier cooling. The closed oil system 
tends to reduce any accumulation 
of dirt. The dielectric properties 
of the oil reduce or eliminate 
corona problems. In addition, the 
rectifier stacks can be removed 
from the oil for testing and main¬ 
tenance. 


28 


RCA Silicon Power Circuits Manual 


The disadvantages of oil im¬ 
mersion outweigh the advantages 
in many applications, e.g., in 
lower-voltage installations. The 
use of oil immersion requires an 
oil tank with high-voltage bush¬ 
ings. The added weight of the 
system may create a floor-loading 
problem. When large quantities of 
power are being dissipated by the 
rectifiers, additional cooling is re¬ 
quired. The use of a heat ex¬ 


changer to remove the heat from 
the oil or of a radiator with a 
fan through which the oil can cir¬ 
culate may be necessary. If care 
is not taken, the oil can become 
contaminated with moisture and 
dirt, with the result that arcing 
and corona may occur. Although 
testing and maintenance of an oil- 
immersed system are possible, 
removal of the assembly from the 
oil is often a difficult operation. 
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^HE term thyristor is the ge- 
neric name for semiconductor 
devices that have characteristics 
similar to those of thyratron 
tubes. Basically, this group in¬ 
cludes bistable semiconductor de¬ 
vices that have three or more 
junctions (i.e., four or more semi¬ 
conductor layers) and that can 
be switched between conducting 
states (from OFF to ON or from 
ON to OFF) within at least one 
quadrant of the principal voltage- 
current characteristic. There are 
several different types of thyris¬ 
tors, which differ primarily in the 
number of electrode terminals and 
in their operating characteristics 
in the third quadrant of the volt¬ 
age-current characteristic, as 
shown in Table II. Reverse-block¬ 
ing triode thyristors, commonly 
called silicon controlled rectifiers 
(SCR’s), and bidirectional triode 
thyristors, usually referred to as 


Table II—Different Types of 
Thyristors 


No. of 

Terminals Third-Quadrant Operation 



Blocking 

Conducting 

Switching 

2 

Reverse¬ 

Reverse¬ 

Bidirec¬ 


blocking 

conducting 

tional 


diode 

diode 

diode 


thyristor 

thyristor 

thyristor 

3 

Reverse¬ 

Reverse¬ 

Bidirec¬ 


blocking 

conducting 

tional 


triode 

triode 

triode 


thyristor 

thyristor 

thyristor 


triacs, are the most popular types. 
The discussions in this section 
deal primarily with these two 
thyristor devices. 

THEORY OF OPERATION 

A silicon controlled rectifier 
(SCR) is basically a four-layer 
p-n-p-n device that has three elec¬ 
trodes (a cathode, an anode, and 
a control electrode called the 
gate). Fig. 25 shows the junction 
diagram, principal voltage-current 
characteristic, and schematic sym¬ 
bol for an SCR. A triac also has 
three electrodes (main terminal 
No. 1, main terminal No. 2, and 
gate) and may be considered as 
two parallel p-n-p-n structures 
oriented in opposite directions to 
provide symmetrical bidirectional 
electrical characteristics. Fig. 26 
shows the junction diagram, volt¬ 
age-current characteristic, and 
schematic symbol for a triac. An 
analysis of the voltage-current 
characteristics of SCR’s and triacs 
and of the charge-carrier inter¬ 
actions that make possible the 
switching transitions indicated by 
these characteristics provides use¬ 
ful information concerning the 
operation and possible applica¬ 
tions of these devices. 

Voltage-Current Characteristics 

As shown in Fig. 25(b), the 
operation of an SCR under re- 
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(b) 


breakdown voltage differs for in¬ 
dividual SCR types. 

During forward-bias operation 
(anode positive with respect to 
cathode), the p-n-p-n structure of 
the SCR is electrically bistable 
and may exhibit either a very high 
impedance (forward-blocking or 
OFF state) or a very low imped¬ 
ance (forward-conducting or ON 
state). In the forward-blocking 
state, a small forward current, 
called the forward OFF-state cur¬ 
rent, flows through the SCR. The 
magnitude of this current is ap¬ 
proximately the same as that of 
the reverse-blocking current that 
flows under reverse-bias condi¬ 
tions. As the forward bias is in¬ 
creased, a voltage point is reached 


SCR 


9CATHODE 

-ogate 

^ANODE (CASE) 
(0 



Figure 25. (a) Junction diagram, (b) prin¬ 

cipal voltage-current characteristic, and 
(c) schematic symbol for an SCR thyristor. 
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verse-bias conditions (anode nega¬ 
tive with respect to cathode) is 
very similar to that of reverse- 
biased silicon rectifiers or other 
semiconductor diodes. In this bias 
mode, the SCR exhibits a very 
high internal impedance, and only 
a slight amount of reverse cur¬ 
rent, called the reverse blocking 
current, flows through the p-n-p-n 
structure. This current is very 
small until the reverse voltage ex¬ 
ceeds the reverse breakdown volt¬ 
age; beyond this point, however, 
the reverse current increases 
rapidly. The value of the reverse 
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THIRD QUADRANT . 
MAIN TERMINAL 2(-) 


(b) 


MAIN TERMINAL 1 
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Figure 26. (a) Junction diagram, (b) prin¬ 
cipal voltage-current characteristic, and 
(c) schematic symbol for a triac thyristor. 
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at which the forward current in¬ 
creases rapidly, and the SCR 
switches to the ON state. This 
value of voltage is called the for¬ 
ward breakover voltage. 

When the forward voltage ex¬ 
ceeds the breakover value, the 
voltage drop across the SCR 
abruptly decreases to a very low 
value, referred to as the forward 
ON-state voltage. When an SCR 
is in the ON state, the forward 
current is limited primarily by 
the impedance of the external cir¬ 
cuit. Increases in forward current 
are accompanied by only slight in¬ 
creases in forward voltage when 
the SCR is in the state of high 
forward conduction. 

As shown in Fig. 26(b), a triac 
exhibits the forward-blocking, for- 
ward-conducting voltage-current 
characteristic of a p-n-p-n struc¬ 
ture for either direction of applied 
voltage. This bidirectional switch¬ 
ing capability results because, as 
mentioned previously, a triac con¬ 
sists essentially of two p-n-p-n 
devices of opposite orientation 
built into the same crystal. The 
device, therefore, operates basi¬ 
cally as two SCR's connected in 
parallel, but with the anode and 
cathode of one SCR connected to 
the cathode and anode, respective¬ 
ly, of the other SCR. As a result, 
the operating characteristics of the 
triac in the first and third quad¬ 
rants of the voltage-current char¬ 
acteristics are the same, except for 
the direction of current flow and 
applied voltage. The triac charac¬ 
teristics in these quadrants are 
essentially identical to those of 
an SCR operated in the first quad¬ 
rant. For the triac, however, the 
high-impedance state in the third 
quadrant is referred to as the 
OFF state rather than as the re¬ 
verse-blocking state. Because of 


the symmetrical construction of 
the triac, the terms forward and 
reverse are not used in reference 
to this device. 

In triacs, the gate-trigger- 
pulse polarity is usually mea¬ 
sured with respect to main 
terminal No. 1, which is compar¬ 
able to the cathode terminal of 
an SCR. The triac can be trig¬ 
gered by a gate-trigger pulse 
which is either positive or nega¬ 
tive with respect to main terminal 
No. 1 when main terminal No. 2 is 
either positive or negative with 
respect to main terminal No. 1. 
The triac, therefore, can be trig¬ 
gered in any of four operating 
modes, as summarized in Table 
III. The quadrant designations re¬ 
fer to the operating quadrant on 

Table III—Triac Triggering 
Modes 


Gate-to-Main- 

Terminal-No.l 

Main-Ierminal-No.2- 

to-Main-Terminal-No.1 

Operating 

Quadrant* 

Voltage 

Voltage 


Positive 

Positive 

l(+) 

Negative 

Positive 

l(-) 

Positive 

Negative 

lll{+) 

Negative 

Negative 

lll(-) 

* Positive (-!-) and negative (—) signs indi¬ 
cate polarity of gate trigger pulse. 


the principal voltage-current char¬ 
acteristics, shown in Fig. 26(b) 
(either I or III), and the polarity 
symbol represents the gate-to- 
main-terminal-No. 1 voltage. Fig. 
27 shows the flow of current in 
a triac for each of the four trig¬ 
gering modes. 

The gate-trigger requirements 
of the triac are different in each 
operating mode. The I( + ) mode 
(gate positive with respect to 
main terminal No. 1 and main 
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IH 

(b) 


MT 2 



(d) 


Figure 27. Current flow in the four triggering modes of a triac: (a) Mode l(+); 
(b) Mode l(-); (c) Mode lll(+); (d) Mode lll(-). 


terminal No. 2 positive with re¬ 
spect to main terminal No. 1), 
which is comparable to equivalent 
SCR operation, is usually the most 
sensitive. The smallest gate cur¬ 
rent is required to trigger the 
triac in this mode. The other three 
operating modes require larger 
gate-trigger currents. For RCA 
triacs, the maximum trigger-cur¬ 
rent rating in the published data 
is the largest value of gate current 
that is required to trigger the se¬ 
lected device in any operating 
mode. 

Thyristors are ideal for switch¬ 
ing applications. When the work¬ 
ing voltage of a thyristor is below 
the breakover point, the current 


through the device is extremely 
small and the thyristor is effec¬ 
tively an open switch. When the 
voltage across the main terminals 
increases to a value exceeding the 
breakover point, the thyristor 
switches to its high-conduction 
state and is effectively a closed 
switch. The thyristor remains in 
the ON state until the current 
through the main terminals drops 
below a value which is called the 
holding current. When the source 
voltage of the main-terminal cir¬ 
cuit cannot support a current equal 
to the holding current, the thyris¬ 
tor reverts back to the high-im- 
pedance OFF state. 

The breakover voltage of a thy- 
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ristor can be varied, or controlled, 
by injection of a signal at the 
gate, as indicated by the family 
of curves shown in Fig. 28. Al¬ 
though this family of curves is 
shown in the first quadrant typi¬ 
cal of SCR operation, a similar set 



Figure 28. Curves showing breakover char¬ 
acteristics of a thyristor for different values 
of gate current. 


of curves can also be drawn for 
the third quadrant to represent 
triac operation. When the gate 
current is zero, the principal volt¬ 
age must reach the breakover 
value V(],,()) of the device before 
breakover occurs. As the gate cur¬ 
rent is increased, however, the 
value of breakover voltage be¬ 
comes less until the curve closely 
resembles that of a rectifier. In 
normal operation, thyristors are 
operated with critical values well 
below the breakover voltage and 
are made to switch ON by gate 
signals of sufficient amplitude to 
assure that the device is switched 
to the ON state at the instant de¬ 
sired. 

After the thyristor is triggered 
by the gate signal, the current 
through the device is independent 
of gate voltage or gate current. 
The thyristor remains in the ON 
state until the principal current 
is reduced to a level below that 
required to sustain conduction. 


Charge-Carrier Interactions 

The electron-hole interactions 
that make possible the switching 
transitions in p-n-p-n semiconduc¬ 
tor structures are represented 
graphically by the potential-en¬ 
ergy diagrams shown in Figs. 29, 
30, and 31. These diagrams show 
the potential energies of holes and 
electrons as a function of distance 
through the crystal. The up¬ 
ward direction indicates increas¬ 
ing levels of electron energy, and 
the downward direction indicates 
increasing levels of hole energy. 
The dots in the diagrams repre¬ 
sent free electrons, and the circles 
represent free holes. 

The electrons in a solid can oc¬ 
cupy only specific energy levels or 
electron states. Each existing state 
can be occupied by only one elec¬ 
tron. The Fermi energy level Ep 
is the dividing line above which 
most of the existing electron states 
are empty and below which most 
states are full. Conduction in a 
solid occurs only by movement of 
free charge carriers, i.e., free elec¬ 
trons or free holes. A free electron 
is an electron which is at an en¬ 
ergy level for which most of the 
existing states are empty, and a 
free hole is an empty state at an 
energy level for which most of the 
existing states are filled. Free 
electrons exist therefore, only at 
energy levels above Ep, and free 
holes exist only at levels below 
Ep. Because electrons and holes 
tend to seek the lowest available 
energy levels, they both move 
toward Ep, which is the zero- 
energy level for both types of 
charge carriers. On the potential- 
hill diagrams, electrons always 
tend to ‘Talk’, and holes always 
tend to “rise''. If the charge car¬ 
riers were not affected by outside 
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influences, therefore, all free elec¬ 
trons and holes would eventually 
reach the Fermi level and dis¬ 
appear. A distribution of free 
electrons above Ep, however, is 
maintained by thermal energy of 
the lattice which constantly agi¬ 
tates the electrons to non-zero en¬ 
ergy levels. 

In the metal contact regions, 
there is a continuous distribution 
of electron states about the Fermi 
energy level so that free holes and 
free electrons exist simultaneously 
side by side. In the semiconductor 
regions, there is a band of energy, 
called the forbidden region, in 
which no electron states exist. 
As a free carrier tries to move 
through the system of metal to 
semiconductor to metal, it finds 
that it can move freely through 
the metal, but when it reaches the 
semiconductor it encounters an 
obstacle, the forbidden-energy re¬ 
gion, which it must go over or 
under depending upon whether it 
is a free electron or a free hole. 
The carrier must obtain sufficient 
energy so that it is displaced far 
enough from the Fermi level to 
go over or under the forbidden- 
energy region. If sufficient energy, 
such as thermal agitation or an 
applied voltage, is not available, 
the carrier is reflected back to its 
origin. 

In silicon crystal, the forbidden 
region is wide enough so that, at 
ordinary temperatures, there is 
not sufficient thermal energy 
available to distribute carriers 
both above and below the band. 
If the Fermi energy level is close 
to the top of the band, thermal 
energy is sufficient to lift electrons 
into states on top of the forbidden 
region, but is not sufficient to push 
holes into states below this re¬ 
gion. As a result, the material 


contains many free electrons, but 
very few free holes, and is re¬ 
ferred to as an n-type semicon¬ 
ductor because it contains mostly 
negative-charge carriers. 

Similarly, a p-type region in the 
semiconductor, which contains 
mostly positive-charge carriers, 
results when the Fermi level is 
close to the bottom of the for¬ 
bidden band. For this condition, 
thermal energy is sufficient to 
excite holes into states below the 
band, but is not sufficient to ex¬ 
cite electrons into states above 
the band. 

The position of the Fermi level 
in the forbidden region is de¬ 
termined by the carrier concentra¬ 
tion. This concentration, in turn, 
is determined by both the dopant 
concentration and the concentra¬ 
tion of injected carriers. 

At the metal-to-semiconductor 
interfaces, the dopant concentra¬ 
tion is very high. At such inter¬ 
faces, the carrier concentration 
cannot be changed significantly 
by injected carriers, and the po¬ 
sition of the Fermi level in the 
forbidden region is firmly fixed. 
In the inner semiconductor re¬ 
gions and near the junctions, the 
dopant concentration is rela¬ 
tively low so that the total car¬ 
rier concentration and, therefore, 
the position of the Fermi level 
in the forbidden region can be 
changed by injection of carriers 
from surrounding regions. These 
factors make the forbidden- 
energy region appear flexible 
within the body of the semi¬ 
conductor but rigid at the 
metal-to-semiconductor contacts. 
This rigidity of the potential hill 
at the contacts prevents electrons 
in the metal from entering the 
p-type semiconductor, but allows 
holes to circulate freely between 
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the metal and the p-type region; 
similarly, electrons can circulate 
freely between metal and the n- 
type region but holes cannot cross 
the metal-to-n-type-semiconductor 
interface. 

Forward-Blocking State—The 

sequence of diagrams in Fig. 29 
illustrates the transition of the 
thyristor from the equilibrium 
(zero-bias) condition to the for¬ 
ward-blocking state. In the equi¬ 
librium condition, the concentra¬ 
tion of charge carriers (electrons 
and holes) is determined pri¬ 
marily by dopant concentrations. 
For this condition, which is repre¬ 
sented by the potential-hill dia¬ 
gram shown in Fig. 29(b), there 
is approximately one free carrier 
for each dopant atom. 

When the cathode side of the 
thyristor is biased negatively with 
respect to the anode side, the po¬ 
tential energy of the electrons is 
increased in the cathode region 
and that of the holes is increased 
in the anode region. Because of 
the difference in energy level from 
cathode to anode, the shape of the 
forbidden-energy region is altered 
in the most lightly doped section 
(i.e., the n-type base) so that the 
height of the potential hill of the 
central junction is increased. As 
shown in Fig. 29 (c), any electrons 
that exist in this region ‘Tall 
down’' the resultant hill, and any 
holes in this region “rise” to the 
top of the hill. In this way, all 
free charge carriers are removed, 
and the hill becomes a depletion 
region, as shown in Fig. 29(d). 

The movement of charge car¬ 
riers with an increase in the for¬ 
ward voltage results in a charging, 
or displacement, current similar 
to the current (i = Cdv/dt) that 
charges a capacitor. This displace- 
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Figure 29. Potential-hill diagrams for vari¬ 
ous stages of thyristor transition from 
equilibrium condition to forward-blocking 
condition (electron energy increases up¬ 
ward, hole energy increases downward). 
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ment current ceases when the for¬ 
ward voltage reaches a steady 
value because there^ are no addi¬ 
tional carriers for the field to 
move. Although there are many 
electrons available on the cathode 
side of the thyristor and many 
holes available on the anode side, 
these carriers cannot enter the de¬ 
pletion region because they do not 
have sufficient energy to “climb'^ 
the 0.8- to 1.0-volt potential hills 
at junctions Ji and J^. 

The current and voltage wave¬ 
forms during the transition from 
the equilibrium to the forward¬ 
blocking state are shown in Fig. 
29(e). 

Forward-Conducting State— 
The transition in a thyristor from 
the forward-blocking state to the 
forward-conducting state is illus¬ 
trated by the potential-hill dia¬ 
grams shown in Fig. 30. When a 
thyristor is in the forward-block¬ 
ing state, shown in Fig. 30(b), 
application of a positive bias to 
the gate causes the potential en¬ 
ergy of electrons in this region 
to be reduced so that the height 
of the potential hill at junction 
Ji is decreased, as shown in Fig. 
30(c). A positive gate bias of 
0.8 to 1.0 volt reduces the bar¬ 
rier of J| sufficiently so that elec¬ 
trons from the n-type emitter can 
move across the p-type base into 
the depletion region. The electric 
field then sweeps them across this 
region, as indicated in Fig. 30(c). 

Electrons accumulate in the 
“weir' at the bottom of the de¬ 
pletion region until their com¬ 
bined negative charge increases 
the potential electron energy suffi¬ 
ciently to cause the potential hill 
at junction J,} to disappear. Holes 
can then move from the p-type 
emitter across the n-type base into 
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the depletion region. These holes 
then immediately “climb'' the po¬ 
tential hill at Jo, as shown in Fig. 
30(d). 

The increased supply of holes 
to the p-type base further de¬ 
presses the potential hill at Ji so 
that the n-type emitter can inject 
an even greater number of elec¬ 
trons into the depletion layer. 
This action, in turn, increases the 
injection of holes from the p-type 
emitter. As a result of these re¬ 
generative effects, the current 
through the thyristor increases 
rapidly, and the depletion region 
collapses to complete the transi¬ 
tion to the forward-conducting 
state. Fig. 30(e) illustrates this 
condition. In this state, the con¬ 
centrations of both holes and elec¬ 
trons are greatly increased over 
the equilibrium concentrations. 
The thyristor can be sustained in 
the forward-conducting state by 
an anode-to-cathode forward-volt¬ 
age drop of approximately 1 volt, 
and the thyristor current is 
limited only by the impedance 
of the external circuit. 

The current and voltage wave¬ 
forms during the transition from 
the forward-blocking to the for- 
ward-conducting state are shown 
in Fig. 30 (f). 


Turn-Off--—The transition in 
the thyristor from the forward¬ 
conducting state back to the for¬ 
ward-blocking state is illustrated 
in Fig. 31. This transition is ac¬ 
complished either by momentary 
reduction of the anode current to 
zero, or by momentary reversal 
of the anode-to-cathode voltage. 

In the conducting state, carrier 
concentrations far in excess of the 
equilibrium level are injected into 
the n- and p-type regions. These 
excess carriers remain for a finite 
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time after the anode current is 
reduced to zero. If the forward 
bias is re-applied before these ex¬ 
cess carriers are removed, the 
device simply returns to the con¬ 
ducting state and does not switch 
to the blocking condition. After 
the excess carriers are removed 
and the device is returned to 
equilibrium, the potential hills re¬ 
build, and the device can return 
to the forward-blocking state, as 
shown in Fig. 29. 

The removal of excess carriers 
can be accomplished if the anode 
current is reduced to zero until 
the excess carriers recombine or 
move out of the depletion region. 
This removal corresponds to a di¬ 
rect transition from the conditions 
shown in Fig. 31 (c) to those 
shown in Fig. 31(g). The poten¬ 
tial hill at junction Ji rebuilds 
first because it is in the more 
heavily doped region of the de¬ 
vice, but the hills at J 2 and also 
rebuild as the excess carriers dis¬ 
appear during the zero-anode- 
current condition. 

A more rapid removal of the 
excess carriers can be accom¬ 
plished by a momentary reversal 
of the anode-to-cathode voltage. 
This transition is shown in Figs. 
31(d) through 31(f). As the re¬ 
verse voltage increases, carriers 
are pulled out of the device in the 
direction opposite to that in which 
they were injected so that a sub¬ 
stantial reverse current results. 

The removal of carriers is aided 
as a potential hill and a depletion 
region begin to build at junction 
J-i, as shown in Fig. 31 (d). As the 
remaining quantity of excess car¬ 
riers is reduced, the reverse cur¬ 
rent decreases, and reverse voltage 
builds up. At the stage shown in 
Fig. 31(e), the reverse depletion 
region has built up, but the unde¬ 


pleted n-type base region still con¬ 
tains some excess carriers which 
prevent the potential hill at J 2 
from rebuilding, and which con¬ 
tinue to flow out as reverse cur¬ 
rent. At the stage shown in Fig. 
31(f), the excess carriers have all 
been removed, and device has 
reached its steady-state reverse¬ 
blocking condition. In Fig. 31(g), 
the reverse bias has been removed, 
all regions return to the equilib¬ 
rium zero-bias carrier concentra¬ 
tions, and the device is ready for 
return to the forward-blocking 
condition. 

Current and voltage waveforms 
corresponding to the various con¬ 
ditions described in Figs. 29, 30, 
and 31 are shown in Fig. 32. 


CONSTRUCTION 

Construction details for typical 
RCA thyristors are shown in Figs. 
33 through 37. Fig. 33 shows de¬ 
tails for the 2-lead TO-5 package. 
This compact package is designed 
for applications in which mount¬ 
ing space is limited and can be 
attached to a wide variety of heat 
sinks with sizes and shapes to 
fit the available space. A typical 
heat-sink arrangement for an in¬ 
sulating mounting of this package 
is shown in Fig. 34. (Various 
types of thyristor heat-sink ar¬ 
rangements are described in RCA 
Application Note AN-3822, “Ther¬ 
mal Considerations in Mounting 
of RCA Thyristors."’) This pack¬ 
age is used at current levels up 
to 7 amperes. 

In higher-current applications 
the TO-66, TO-3, and press-fit and 
stud-mounted TO-48 packages are 
used. Internal construction details 
of the press-fit package are shown 
in Fig. 35. 
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Construction details of a typical 
SCR pellet are shown in Fig. 36. 
The shorted-emitter construction 
used in RCA SCR’s can be recog¬ 
nized by the metallic cathode elec¬ 
trode in direct contact with the 
p-type base layer around the pe¬ 
riphery of the pellet. The gate, at 
the center of the pellet, also makes 
direct metallic contact to the p- 



Figure 33. Cross-section of RCA two-lead 
TO-5 thyristor package. 


type base so that the portion of 
this layer under the n-type emitter 
acts as an ohmic path for current 
flow between gate and cathode. 
Because this ohmic path is in 
parallel with the n-type emitter 
junction, current preferentially 
takes the ohmic path until the IR 
drop in this path reaches the 
junction threshold voltage of about 
0.8 volt. When the gate voltage 
exceeds this value, the junction 
current increases rapidly, and in¬ 
jection of electrons by the n-type 



Figure 34. Typical heat-sink isolation tech¬ 
nique for a chassis-mounted two-lead 
TO-5 thyristor. 
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emitter reaches a level high 
enough to turn on the device. 

In addition to providing a pre¬ 
cisely controlled gate current, the 
shorted-emitter construction also 
improves the high-tempetature 
and dv/dt (maximum allowable 
rate of rise of OFF-state voltage) 
capabilities of the device. The 
junction depletion layer acts as 
a parallel-plate capacitor which 
must be charged when blocking 

GATE 



Figure 36. Cross-section of a typical 
SCR pellet. 


voltage is applied. Because the 
charging, or displacement, current 
(i = Cdv/dt) into this capacitor 
varies as the rate of rise of for¬ 
ward voltage (dv/dt), a very 
high dv/dt can result in a high 
current between anode and cath¬ 
ode. If this current crosses the 
n-type emitter junction and is of 
the same order of magnitude as 
the gate current, it can trigger the 
device into the conducting state. 
Such unwanted triggering is mini¬ 
mized by the shorted-emitter con¬ 
struction because the peripheral 
contact of the p-type base to 
the cathode electrode provides a 
large-area parallel path by which 
the dv/dt current can reach the 
cathode electrode without cross¬ 
ing the n-type emitter junction. 

The center-gate construction of 
the SCR pellet provides fast 
turn-on and high di/dt capabili¬ 
ties. In an SCR, conduction is 
initiated in the cathode region im¬ 
mediately adjacent to the gate con¬ 
tact and must then propagate to 
the more remote regions of the 
cathode. Switching losses are in¬ 
fluenced by the rate of propaga¬ 
tion of conduction and the distance 
conduction must propagate from 
the gate. With a central gate, all 
regions of the cathode are in close 
proximity to the initially conduct¬ 
ing region so that propagation 
distance is significantly decreased; 
as a result, switching losses are 
minimized. 

Construction of a typical RCA 
triac pellet is shown in Fig. 37. 
In this device, the main-terminal- 
No. 1 electrode makes ohmic con¬ 
tact to a p-type emitter as well 
as to an n-type emitter. Similarly, 
the. main-terminal-No, 2 electrode 
also makes ohmic contact to both 
types of emitter, but the p-type 
emitter of the main-terminal-No. 
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N-EMITTER 



Figure 37. Cross-section of a typical triac 
pellet. 

2 side is located opposite the n- 
type emitter of the main-terminal- 
No. 1 side, and the main-terminal- 
No. 2 n-type emitter is opposite 
the main-terminal-No. 1 p-type 
emitter. The net result is two four- 
layer switches in parallel, but 
oriented in opposite directions, in 
one silicon pellet. This type of 
construction makes it possible for 
a triac either to block or to con¬ 
duct current in either direction 
between main terminal No. 1 and 
main terminal No. 2. 

The gate electrode also makes 
contact to both n- and p-type re¬ 
gions. As a result, the device can 
be triggered by either positive or 
negative gate signals, for either 
polarity of voltage between the 
main-terminal electrodes. When 
the triac is triggered by a positive 
gate signal, conduction is ini¬ 
tiated, as in the SCR, by injection 
of electrons from the main-termi¬ 
nal-No. 1 n-type emitter, and the 
gate n-type region is passive. The 
gate n-type region becomes active 
when the triac is triggered by a 
negative gate signal, because it 


then acts as the n-type emitter of 
a grounded-base n-p-n transistor. 
Electrons injected from this re¬ 
gion enter the n-type base and 
cause a forward bias on one of 
the p-type emitters, depending on 
which is at the positive end of the 
voltage between the main-terminal 
electrodes. 

As shown in Figs. 36 and 37, 
the cathode of an SCR and the 
main terminal No. 1 of a triac 
are fully covered by a relatively 
heavy metallic electrode. This elec¬ 
trode provides a low-resistance 
path to distribute current evenly 
over the cathode or main-terminal- 
No. 1 area and serves as a thermal 
capacitor to absorb heat generated 
by high surge or overload cur¬ 
rents. Junction-temperature ex¬ 
cursions that result from such 
conditions are, therefore, held to 
a minimum. 

RATINGS AND 
CHARACTERISTICS 

Thyristors must be operated 
within the maximum ratings 
specified by the manufacturer to 
assure best results in terms of per¬ 
formance, life, and reliability. 
These ratings define limiting 
values, determined on the basis of 
extensive tests, that represent the 
best judgment of the manufac¬ 
turer of the safe operating capa¬ 
bility of the device. The manufac¬ 
turer also specifies a number of 
device parameters, called char¬ 
acteristics, which are directly 
measurable properties that define 
the inherent qualities and traits 
of the thyristor. Some of these 
characteristics are important fac¬ 
tors in the determination of the 
maximum ratings and in the pre¬ 
diction of the performance, life, 
and reliability that the thyristor 
can provide in a given application. 
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Voltage and 
Temperature Ratings 

The voltage ratings of thyris¬ 
tors are given for both steady- 
state and transient operation and 
for both forward- and reverse¬ 
blocking conditions. For SCR's, 
voltages are considered to be in 
the forward or positive direction 
when the anode is positive with 
respect to the cathode. Negative 
voltages for SCR's are referred to 
as reverse-blocking voltages. For 
triacs, voltages are considered to 
be positive when main terminal 
No. 2 is positive with respect to 
main terminal No. 1. Alterna¬ 
tively, this condition may be re¬ 
ferred to as operation in the first 
quadrant. 

When the voltage applied to a 
thyristor is in the polarity for 
which switching to the ON state 
is possible, the voltage-blocking 
capability of the device is tem¬ 
perature-sensitive. The maximum 
junction temperature for thyris¬ 
tors is usually between 100°C and 
150°C. The selection of the maxi¬ 
mum operating temperature rep¬ 
resents a compromise which as¬ 
sures that a sufficient number of 
devices provide the required 
blocking-voltage capability (for 
which a low junction temperature 
is desirable) and which allows the 
highest possible current rating for 
the thyristors (for which a high 
junction temperature is desir¬ 
able). Increases in junction tem¬ 
perature above this maximum 
value result in a greater reliability 
stress and adversely affect the 
switching characteristics of thy¬ 
ristors. 

OFF-State Voltage—The repe¬ 
titive peak OFF-state voltage 
is the maximum value of 


OFF-state voltage, either tran¬ 
sient or steady-state, that the 
thyristor should be required to 
block under the stated condi¬ 
tions of temperature and gate-to- 
cathode resistance. If this voltage 
is exceeded, the thyristor may 
switch to the ON state. The cir¬ 
cuit designer should insure that 
the rating is not exceeded 

to assure proper operation of the 
thyristor. 

The effect of increased tempera¬ 
ture is accentuated in thyristors 
because of the regenerative action 
upon which the operation of these 
devices is dependent. Thermally 
generated currents tend to be mul¬ 
tiplied. If this blocking current 
crosses the gate-to-cathode junc¬ 
tion, its effect on the thyristor is 
similar to that of the gate current 
and thus tends to reduce the 
breakover voltage Vju). For this 
reason, OFF-state voltage ratings 
are specified at the maximum 
rated junction temperature. 

A gate-to-cathode shunting re¬ 
sistance can be used to provide a 
path for the blocking current that 
bypasses the gate-to-cathode junc¬ 
tion. The use of this shunt re¬ 
sistance improves the OFF-state 
blocking capability, but reduces 
the gate sensitivity. OFF-state 
voltage ratings, therefore, are 
specified with no external gate-to- 
cathode impedance to represent 
worst-case conditions. 

Under relaxed conditions of 
temperature or gate impedance, or 
when the blocking capability of 
the thyristor exceeds the specified 
rating, it may be found that a 
thyristor can block voltages far in 
excess of its repetitive OFF-state 
voltage rating Because the 

application of an excessive volt¬ 
age to a thyristor may produce 
irreversible effects, an absolute 
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upper limit should be imposed on 
the amount of voltage that may 
be applied to the main terminals 
of the device. This voltage rating 
is referred to as the peak OFF- 
state voltage It should be 

noted that the peak OFF-state 
voltage has a single rating irre¬ 
spective of the voltage grade of 
the thyristor. This rating is a 
function of the construction of the 
thyristor and of the surface prop¬ 
erties of the pellet. The rat¬ 
ing should not be exceeded under 
either continuous or transient 
conditions. 

Fig. 38 shows a simple, inex¬ 
pensive test circuit that may be 
used to evaluate the OFF-state 
voltage capabilities of thyristors. 



Figure 38. Test circuit used to determine 
dc forward- and reverse-voltage-blocking 
capabilities and leakage current of 
thyristors. 

(The circuit may also be used for 
reverse-blocking and leakage tests 
of thyristors.) Resistor Ri and 
capacitor Cj are included in the 
test circuit to limit the rate of 
rise of applied voltage to the thy¬ 
ristor under test. Resistor R 2 
limits the discharge of capacitor 
Cl through the thyristor in the 
event that the thyristor is turned 
on during the test. Resistor R 3 
provides a discharge path for 
capacitor Ci. 

Reverse Voltages (For Re¬ 
verse-Blocking Thyristors) —Re¬ 
verse-voltage ratings are given 
for SCR’s to provide operating 
guidance in the third quadrant, 
or reverse-blocking mode. There 


are two voltage ratings for SCR^s 
in the reverse-blocking mode: 
repetitive peak reverse voltage 
(Viiinr) ^nd nonrepetitive peak 
reverse voltage (Vii^M)- 

The repetitive peak reverse 
voltage is the maximum allowable 
value of reverse voltage, includ¬ 
ing all repetitive transient volt¬ 
ages, that may be applied to the 
SCR. Because reverse power dissi¬ 
pation is small at this voltage, the 
rise in junction temperature be¬ 
cause of this reverse dissipation 
is very slight and is accounted 
for in the rating of the SCR. 

The nonrepetitive peak reverse 
voltage is the maximum allowable 
value of any nonrepetitive tran¬ 
sient reverse voltage which may 
be applied to the SCR. These non¬ 
repetitive transient voltages are 
allowed to exceed the steady-state 
ratings, even though the instan¬ 
taneous power dissipation can be 
significant. While the transient 
voltage is applied, the junction 
temperature may increase, but re¬ 
moval of the transient voltage in 
a specified time allows the junc¬ 
tion temperature to return to its 
steady-state operating tempera¬ 
ture before a thermal runaway 
occurs. 

The test circuit shown in Fig. 
38 may be used for reverse-volt¬ 
age tests of an SCR. 

ON-State Voltage—When a thy¬ 
ristor is in a high-conduction 
state, the voltage drop across the 
device is no different in nature 
from the forward-conduction volt¬ 
age drop of a rectifier, although 
the magnitude may be slightly 
higher. As in rectifiers, the ON- 
state voltage-drop characteristic 
is the major source of power losses 
in the operation of the thyristor, 
and the temperature produced 
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becomes a limiting factor in the 
rating of the device. 

Thermal Resistance 

The thermal resistance of a thy¬ 
ristor is an indication of the abil¬ 
ity of the device to remove heat 
that is generated internally within 
the pellet. If a thyristor has a low 
thermal resistance, the junction 
temperature does not rise as high 
for a given conduction current or 
junction power dissipation. The 
most common or useful thyristor 
thermal resistance specified is the 
value from the junction to a par¬ 
ticular point on the case. This 
valu« is referred to as the junc- 
tion-to-case thermal resistance, 
Sj.c- The next value of thermal 
resistance that is necessary for 
proper use of the thyristor is the 
thermal resistance from the heat 
sink, which is usually attached to 
the thyristor, to the ambient air, 
0(i.A. If the thermal resistance of 
the total path from the junction to 
the ambient air and the power 
dissipated within the device are 
known, the average temperature 
can be calculated. 

Current Ratings 

Thyristor current ratings define 
maximum values for normal or 
repetitive currents and for surge 
or nonrepetitive currents. These 
maximum ratings are determined 
on the basis of the maximum 
junction-temperature rating, the 
junction-to-case thermal resist¬ 
ance, the internal power dissipa¬ 
tion that results from the current 
flow through the thyristor, and 
the ambient temperature. The ef¬ 
fect of these factors in the de¬ 
termination of current ratings is 
illustrated by the following ex¬ 
ample. 


Fig. 39 shows curves of the 
maximum average forward power 
dissipation for the RCA-2N3873 



Figure 39. Power-dissipation rating chart 
for the RCA-2N3873 SCR. 


SCR as a function of average for¬ 
ward current for dc operation and 
for various conduction angles. For 
the 2N3873, the junction-to-case 
thermal resistance ^j.c is 0.92°C 
per watt and the maximum operat¬ 
ing junction temperature Tj is 
lOO^’C. If the maximum case tem¬ 
perature is assumed to be 

65° C, the maximum average for¬ 
ward power dissipation can be de¬ 
termined as follows: 

-r, Tj(niax) Tc(max) 

rAVG(max) = ^ 

Oj-C 

__ (100 - 65) °C 
0.92 °C/watt 

= 38 watts 
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The maximum average forward 
current rating for the specified 
conditions can then be determined 
from the rating curves shown in 
Fig, 39. For example, if a conduc¬ 
tion angle of 180 degrees is as¬ 
sumed, the average forward cur¬ 
rent rating for a maximum dissi¬ 
pation of 38 watts is found to be 
22 amperes. 

These calculations assume that 
the temperature is uniform 
throughout the pellet and the case. 
The junction temperature, how¬ 
ever, increases and decreases un¬ 
der conditions of transient loading 
or periodic currents, depending 
upon the instantaneous power dis¬ 
sipated within the thyristor. The 
current rating must take these 
variations into account. 


ON-State Current—The ON- 
state current ratings for a thyris¬ 
tor indicate the maximum values 
of average, rms, and peak (surge) 
current that should be allowed to 
flow through the main terminals 
of the device, under stated condi¬ 
tions, when the thyristor is in the 
ON state. For heat-sink-mounted 
thyristors, these maximum ratings 
are based on the case tempera¬ 
ture; for lead-mounted thyristors, 
the ratings are based on the am¬ 
bient temperature. 

The example used to show the 
effect of various factors on maxi¬ 
mum current ratings pointed out 
that these ratings are determined 
on the basis of the internal power 
dissipation, the junction-to-case 
thermal resistance, and the differ¬ 
ence between the maximum oper¬ 
ating junction temperature and 
the maximum case temperature. 
Because the maximum operating 
junction temperature is fixed, the 
maximum ON-state current rat¬ 
ings may be given by curves that 


relate current to case temperature. 
The maximum allowable current 
approaches zero as the case tem¬ 
perature approaches the maximum 
operating junction temperature 
because this current is directly 
proportional to the ratio of the 
difference between case and junc¬ 
tion temperatures to the junction- 
to-case thermal resistance. 

The maximum average ON- 
state current rating is usually 
specified for a half-sine-wave cur¬ 
rent at a particular frequency. 
Fig. 40 shows curves of the maxi¬ 
mum allowable average ON-state 
current IrFfnvff) for the RCA- 
2N3873 SCR family as a function 
of case temperature. Because peak 
and rms currents may be high for 
small conduction angles, the curves 
in Fig. 40 also show maximum al¬ 
lowable average currents as a 
function of conduction angle. The 
maximum operating junction tem¬ 
perature for the 2N3873 is 100®C. 



Figure 40. Current rating chart for the 
RCA-2N3873 SCR. 
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The rating curves indicate, for a 
given case temperature, the maxi¬ 
mum average ON-state current for 
which the average temperature of 
the pellet will not exceed the maxi¬ 
mum allowable value. The rating 
curves may be used for only resis¬ 
tive or inductive loads. When ca¬ 
pacitive loads are used, the cur¬ 
rents produced by the charge or 
discharge of the capacitor through 
the thyristor may be excessively 
high, and a resistance should be 
used in series with the capacitor 
to limit the current to the rating 
of the thyristor. 

The ratio of rms to average 
values for a sinusoidal current 
waveform through an SCR is 1.57. 
The maximum average ON-state 
current rating lTF(avsi’ therefore, 
can be readily converted to the 
maximum rms ON-state current 
rating Itfoihs)- ^oy example, as 
may be determined from Fig. 40, 
the maximum average ON-state 
current for the 2N3873 is 22 am¬ 
peres for a conduction angle of 180 
degrees and a maximum case tem¬ 
perature of 65°C. For these same 
conditions, the rms current rating 
may be determined as follows: 


iTF(rms) = iTF(avg) X 1.57 

= 22 amperes X 1.57 
= 35 amperes 


The dashed-line curve in Fig. 40 
shows the rms current rating for 
the 2N3873 as a function of case 
temperature for a conduction angle 
of 180 degrees. 

The ON-state current rating for 
a triac is given only in rms values 
because these devices normally 
conduct alternating current. Fig. 
41 shows an rms ON-state current 
rating curve for a typical triac as 
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Figure 41. Current rating curve for a typi¬ 
cal RCA triac. 

a function of case temperature. As 
with the SCR, the triac curve is 
derated to zero current when the 
case temperature rises to the max¬ 
imum operating junction tempera¬ 
ture. Triac current ratings are 
given for full-wave conduction un¬ 
der resistive or inductive loads. 
Precautions should be taken to 
limit the peak current to tolerable 
levels when capacitive loads are 
used. 

The surge ON-state current 
rating Itf{ surge) indicates the max¬ 
imum peak value of a short-dura¬ 
tion current pulse that should be 
allowed to flow through a thyristor 
during one ON-state cycle, under 
stated conditions. This rating is 
applicable for any rated load con¬ 
dition. During normal operation, 
the junction temperature of a thy¬ 
ristor may rise to the maximum 
allowable value; if the surge oc¬ 
curs at this time, the maximum 
limit is exceeded. For this reason, 
a thyristor is not rated to block 
OFF-state voltage immediately fol¬ 
lowing the occurrence of a current 
surge. Sufficient time must be al¬ 
lowed to permit the junction tem¬ 
perature to return to the normal 
operating value before gate control 
is restored to the thyristor. Fig. 
42 shows a surge-current rating 
curve for the 2N3873 SCR. This 
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SUPPLY = 60-Hz SINE WAVE 

CASE TEMPERATURE*65*0 
LOAD=RESISTIVE 

REPETITIVE PEAK REVERSE VOLTAGE 
‘MAXIMUM RATED VALUE 
AVERAGE FORWARD CURRENT 
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Figure 42. Surge-current rating curve for 
the RCA-2N3873 SCR. 

curve shows peak values of half- 
sine-wave forward (ON-state) 
current as a function of overload 
duration measured in cycles of the 
60-Hz current. Fig. 43 shows 
surge-current rating curves for a 
typical triac. For triacs, the rating 
curve shows peak values for a full- 
sine-wave current as a function of 
the number of cycles of overload 
duration. Multicycle surge curves 
are the basis for the selection of 
circuit breakers and fuses that 
are used to prevent damage to the 
thyristor in the event of accidental 
short-circuit of the device. The 
number of surges permitted over 
the life of the thyristor should be 
limited to prevent device degrada¬ 
tion. 
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LOAD = RESISTIVE 

CASE TEMPERATURE=-H75”C 


_ GATE CONTROL MAY BE LOST | 
DURING AND IMMEDIATELY 
- FOLLOWING SURGE CURRENT 
INTERVAL. 



OVERLOAD MAY NOT BE RE 
PEATED UNTIL JUNCTION 
TEMPERATURE HAS RETURNED 
WITHIN STEADY-STATE RATED 
VALUE._ 
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Figure 43. Surge-current rating chart for 
a typical triac. 


Critical Rate of Rise of ON- 
State Current (di/dt)—In a thy¬ 
ristor, the load current is initially 
concentrated in a small area of 
the pellet when load current first 
begins to flow. This small area 
effectively limits the amount of 
current that the device can handle 
and results in a high voltage drop 
across the pellet in the first micro¬ 
second after the thyristor is trig¬ 
gered. If the rate of rise of current 
is not maintained within the rat¬ 
ing of the thyristor, localized hot 
spots may occur within the pellet 
and permanent damage to the de¬ 
vice may result. The waveshape 
for testing the di/dt capability of 
the RCA 2N3873 is shown in Fig. 
44. The critical rate of rise of ON- 
state current is dependent upon 



Figure 44. Voltage and current waveforms 
used to determine di/dt rating of the 
RCA-2N3873 SCR. 

the size of the cathode area that 
begins to conduct initially, and the 
size of this area is increased for 
larger values of gate trigger cur¬ 
rent. For this reason, the di/dt 
rating is specified for a specific 
value of gate trigger current. 
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Holding and Latching Currents 

—After a thyristor has been 
switched to the ON-state condi¬ 
tion, a certain minimum value of 
anode current is required to main¬ 
tain the thyristor in this low-im¬ 
pedance state. If the anode current 
is reduced below this critical hold¬ 
ing-current value, the thyristor 
cannot maintain regeneration and 
reverts to the OFF or high-im¬ 
pedance state. Because the hold¬ 
ing current (In) is sensitive to 
changes in temperature (increases 
as tempreature decreases), this 
rating is specified at room tem¬ 
perature with the gate open. 

The latching-current rating of a 
thyristor specifies a value of anode 
current, slightly higher than the 
holding current, which is the mini¬ 
mum amount required to sustain 
conduction immediately after the 
thyristor is switched from the OFF 
state to the ON state and the gate 
signal is removed. Once the latch¬ 
ing current (lyj is reached, the 
thyristor remains in the ON, or 
low-impedance, state until its an¬ 
ode current is decreased below the 
holding-current value. The latchr 
ing-current rating is an important 
consideration when a thyristor is 
to be used with an inductive load 
because the inductance limits the 
rate of rise of the anode current. 
Precautions should be taken to in¬ 
sure that, under such conditions, 
the gate signal is present until the 
anode current rises to the latching 
value so that complete turn-on of 
the thyristor is assured. 

Fig. 45 shows a simple test cir¬ 
cuit that may be used to determine 
the holding and latching currents 
of thyristors. For the holding- 
current tests, the value of po¬ 
tentiometer Ri is adjusted to ap¬ 
proximately 50 ohms, and the 



Figure 45. Test circuit used to determine 
holding and latching currents of thy?:istors. 


spring-loaded push-button switch 
PBj is momentarily depressed to 
turn on the thyristor. The value 
of Ri is then gradually increased 
to the point at which the thyristor 
turns off. 

For the latching-current test, 
the value of potentiometer R^ is 
initially adjusted so that the main- 
terminal current is less than the 
holding level. The value of R^ is 
then decreased, as push-button 
switch PB| is alternately de¬ 
pressed and released, until the thy¬ 
ristor latches on. 

Critical Rate of Rise of OFF- 
State Voltage (dv/dt)—Because 
of the internal capacitance of a 
thyristor, the forward-blocking 
capability of the device is sensitive 
to the rate at which the forward 
voltage is applied. A steep rising 
voltage impressed across the main 
terminals of a thyristor causes a 
capacitive charging current to 
flow through the device. This 
charging current (i = Cdv/dt) is 
a function of the rate of rise of 
the OFF-state voltage. 

If the rate of rise of the for¬ 
ward voltage exceeds a critical 
value, the capacitive charging cur¬ 
rent may become large enough to 
trigger the thyristor. The steeper 
the wavefront of applied forward 
voltage, the smaller the value of 
the breakover voltage becomes. 

The use of the shorted emitter 
construction in RCA SCR’s has 



Thyristors 


49 


resulted in a substantial increase 
in the dv/dt capability of these 
devices by providing a shunt 
path around the gate-to-cathode 
junction. Typical units can with¬ 
stand rates of voltage rise up to 
200 volts per microsecond under 
worst-case conditions. The dv/dt 
capability of a thyristor de¬ 
creases as the temperature rises 
and is increased by the addition 
of an external resistance from 
gate to reference terminal. The 
dv/dt rating, therefore, is given 
for the maximum junction tem¬ 
perature with the gate open, 
i.e., for worst-case conditions. 

Fig. 46(a) shows a simple test 
circuit that may be used to deter¬ 
mine the dv/dt capability of a 
thyristor. The curves in Fig. 
46(b) define the critical values 
for linear and exponential rates of 
increase in reapplied forward 
OFF-state voltage for an SCR. 
The critical value for the expo¬ 
nential rate of rise of forward 
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Figure 46. (a) Test circuit and (b) wave¬ 

forms used to determine dv/dt capability 
of a thyristor. 


voltage is the rating given in the 
manufacturer's test specifications. 
This rating is determined from 
the following equation: 

rated value of 

dV _ thyristor voltage (Vbo) ,, ^ 
dt RC time constant 

(7) 

The dv/dt rating allows a cir¬ 
cuit designer to design an RC 
time-constant network that can be 
used to limit the rate of rise of a 
transient voltage below the criti¬ 
cal value of the thyristor. 

It has been found in many ap¬ 
plications that simple circuit addi¬ 
tions, such as shown in Fig. 47, 
can be used to reduce the dv/dt 



Figure 47. Diagram showing use of RC 
network to improve the dv/dt capability 
of an SCR. 

stress on the thyristor. The dv/dt 
capability is also increased by ap¬ 
plication of reverse bias to the 
gate during the rise of OFF-state 
voltage. 

Switching Characteristics 

The ratings of thyristors are 
based primarily upon the amount 
of heat generated within the de¬ 
vice pellet and the ability of the 
device package to transfer the in¬ 
ternal heat to the external case. 
For high-frequency applications in 
which the peak-to-average current 
ratio is high, or for high-perfor¬ 
mance applications that require 
large peak values but narrow cur¬ 
rent pulses, the energy lost during 
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the turn-on process may be the 
main cause of heat generation 
within the thyristor. The switch¬ 
ing properties of the device must 
be known, therefore, to determine 
power dissipation which may limit 
the device performance. 


peak OFF-state voltage and the 
peak ON-state current level, it is 
influenced primarily by the mag¬ 
nitude of the gate-trigger current 
pulse. Fig. 49 shows the variation 
in turn-on time with gate-trigger 
current for the RCA-2N3873 SCR. 


Turn-on Time —When a thyris¬ 
tor is triggered by a gate signal, 
the turn-on time of the device con¬ 
sists of two stages, a delay time 
and a rise time t^., as shown in 
Fig. 48. The total turn-on time tgt 
is ^defined as the time interval be¬ 
tween the initiation of the gate 



Figure 48. Gate current and voltage turn-on 
waveforms for a thyristor. 

signal and the time when the re¬ 
sulting current through the thy¬ 
ristor reaches 90 per cent of its 
maximum value with a resistive 
load. The delay time td is defined 
as the time interval between the 
10-per-cent point of the leading 
edge of the gate-trigger voltage 
and the 10-per-cent point of the 
resulting current with a resistive 
load. The rise time tj. is the time 
interval required for the principal 
current to rise from 10 to 90 per 
cent of its maximum value. The 
total turn-on time, therefore, is 
the sum of both the delay and 
rise times of the thyristor. 

Although the turn-on time is 
affected to some extent by the 
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Figure 49. Turn-on time characteristics for 
the RCA-2N3873 SCR. 

When larger currents are available 
from the gate-trigger pulses, the 
delay-time portion of the turn-on 
period is reduced, and the over-all 
turn-on time is decreased. When 
it is desirable to reduce the varia¬ 
tion in turn-on time among de¬ 
vices of the same type, higher 
gate-drive signals should be used. 

Fig. 50 shows a simple test cir¬ 
cuit used to determine turn-on 
times of thyristors. The value of 
resistor Ri is chosen so that the 
rated value of current flows 
through the thyristor. Turn-on 
time is specified by the thyristor 
manufacturer at the rated block¬ 
ing voltage. 


XgfsEOO mA 
O.I/*8 RISE TIME 



Figure 50. Test circuit used to determine 
turn-on time of thyristors. 
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When a thyristor is turned on 
by a gate-current pulse, current 
does not start to flow throughout 
the entire junction instantane¬ 
ously ; instead, the current is con¬ 
fined initially to a small area 
adjacent to the gate. The voltage 
drop across the thyristor at this 
time is large because the current 
density in the small area that is 
turned on is high. As the conduc¬ 
tion area increases, the current 
density is reduced, and the volt¬ 
age drop across the thyristor be¬ 
comes smaller. Eventually, the 
boundaries of the high-current- 
density region propagate across 
the entire junction area. The time 
required for completion of this 
action is considerably longer than 
the specified turn-on time. For 
resistive loads, the turn-on time 
can be defined as the time interval 
between the 10-per-cent point at 
the beginning of the gate voltage 
and the instant at which the ap¬ 
plied blocking voltage decreases 
to 10 per cent of its original 
value. 

For thyristors operated at low 
blocking voltages, the 10-per-cent 
value is insignificant from the 
standpoint of device dissipation. 
For thyristors operated at block¬ 
ing voltages in the order of hun¬ 
dreds of volts, however, 10 per 
cent is sufficiently high in mag¬ 
nitude to represent an appreci¬ 
able amount of device dissipation. 
Moreover, the typical turn-on 
time, as defined for certain gate 
drives, may be in the order of 
2 to 3 microseconds, while the 
time required for conduction to 
spread over the entire junction 
area may be in the order of 20 
microseconds. During this spread¬ 
ing time, the dynamic voltage drop 
is high, and the current density 
can produce localized hot spots in 


the pellet area in conduction. In 
order to guarantee reliable opera¬ 
tion and to provide guidance for 
equipment designers in applica¬ 
tions having short conduction 
periods, published data for RCA 
thyristors give the voltage drop 
at a given instantaneous forward 
current and at a specified time 
after turn-on from an OFF-state 
condition. The wave-shapes for 
the initial ON-state voltage for 
the RCA-2N3873 SCR are shown 
in Fig. 51. This initial voltage, 
together with the time required 
for reduction of the dynamic 
forward voltage drop during the 
spreading time, is an indication 
of the current-switching capabil¬ 
ity of the thyristor. 




Figure 51. Initial ON-state voltage and 
current waveforms for the 2N3873 SCR. 

When the entire junction area 
of a thyristor is not in conduc¬ 
tion, the current through that 
fraction of the pellet area in con¬ 
duction may result in large in¬ 
stantaneous power losses. These 
turn-on switching losses are pro- 
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portional to the current and the 
voltage from cathode to anode of 
the device, together with the repe¬ 
tition rate of the gate-trigger 
pulses. The instantaneous power 
dissipated in a thyristor under 
such conditions is shown in Fig. 
52. The curves shown in this fig¬ 
ure indicate that the peak power 
dissipation occurs in the short in¬ 
terval immediately after the de- 


I 



Figure 52. Instantaneous power dissipa¬ 
tion in a thyristor during turn-on. 


vice starts to conduct, usually in 
the first microsecond. During this 
time interval, the peak junction 
temperature may exceed the maxi¬ 
mum operating temperature given 
in the manufacturer's data; in 
this case, the thyristor should not 
be required to block voltages im¬ 
mediately after the conduction in¬ 
terval. If the thyristor must block 
voltages immediately following the 
conduction interval, the junction- 
temperature rating must not be 
exceeded, and sufficient time must 
elapse to allow the junction tem¬ 
perature to decrease to the operat¬ 
ing temperature before blocking 


voltage is re-applied to the device. 

The transient temperature rise 
may have a major effect on the 
turn-off time of a thyristor. As a 
result, when transient effects have 
to be considered, turn-off time 
measurements should be made un¬ 
der pulsed conditions. 

Turn-Off Time—The turn-off 
time of an SCR also consists of 
two stages, a reverse-recovery 
time and a gate-recovery time, as 
shown in Fig. 53. When the for¬ 
ward current of an SCR is re¬ 
duced to zero at the end of a 
conduction period, application of 
reverse voltage between the anode 
and cathode terminals causes re¬ 
verse current to flow in the SCR 
until the reverse-blocking junction 
establishes a depletion region. The 
time interval between the applica¬ 
tion of reverse voltage and the 
time that the reverse current 
passes its peak value to a steady- 
state level is called the reverse- 
recovery time tn-. A second recov¬ 
ery period, called the gate-recov¬ 
ery time t„,., must then elapse for 
the forward-blocking junction to 


dvp/dt / 



Figure 53. Circuit-commutated turn-off 
voltage and current waveforms for 
a thyristor. 
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establish a forward-depletion re¬ 
gion so that forward blocking volt¬ 
age can be re-applied and success¬ 
fully blocked by the SCR. 

The gate-recovery time of an 
SCR is usually much longer than 
the reverse-recovery time. The to¬ 
tal time from the instant reverse- 
recovery current begins to flow to 
the start of the re-applied for¬ 
ward-blocking voltage is referred 
to as the circuit commutated 
turn-olf time t„. The turn-off time 
is dependent upon a number of 
circuit parameters, including the 
ON-state current prior to turn¬ 
off, the rate of change of current 
during the forward-to-reverse 
transition, the reverse-blocking 
voltage, the rate of change of the 
re-applied forward voltage, the 
gate trigger level, the gate bias, 
and the junction temperature. The 
junction temperature and the ON- 
state current, however, have a 
more significant effect on turn-off 
time than any of the other factors. 
Because the turn-off time of an 
SCR depends upon a number of 
circuit parameters, the manufac¬ 
turer's turn-off time specification 
is meaningful only if these critical 
parameters are listed and the test 
circuit used for the measurement 
is indicated. 

Fig. 54 shows a simple test 
circuit used to measure turn-off 
time. The circuit subjects the 
SCR to current and voltage wave¬ 
forms similar to those encountered 
in most typical applications. In 
the circuit diagram, SCRi is the 
device under test. Initially, both 
SCR’s are in the OFF-state; push¬ 
button switch SWi is momentarily 
closed to start the test. This ac¬ 
tion turns on SCR^ and load cur¬ 
rent flows through this SCR and 
resistor Ro. Capacitor C^ charges 
through resistor R.^ to the voltage 



Ri, Ri = 100 ohms 0.1 to 1 ohm 

R 2 variable resistor, Ci = variable capacitor, 
0.7 to 50 ohms 0.1 to 1 fiF, 150 V 

Rs = 5000 ohms SCRi =3 SCR under test 

R .5 — variable resistor, SCR 2 = RCA-40378 



Figure 54. Test circuit and voltage wave¬ 
forms used to determine turn-off times 
of thyristors. 

developed across Ro. If the sec¬ 
ond push-button switch SWo is 
then closed, SCR^ is turned on. 
SCRi is then reverse-biased by the 
voltage across capacitor Ci. The 
discharge of this capacitor causes 
a short pulse of reverse current to 
flow through SCRi until this de¬ 
vice recovers its reverse-blocking 
capability. At some time ti, the 
anode-to-cathode voltage of SCRj 
passes through zero and starts to 
build up in a forward direction 
at a rate dependent upon the time 
constant of Ci and Ro. The peak 
value of the reverse current dur¬ 
ing the recovery period can be 
controlled by adjustment of poten¬ 
tiometer Rr,. If the turn-off time 
of SCRi is less than the time 
ti, the device will turn off. The 
turn-off interval ti can be meas¬ 
ured by observation of the anode- 
to-cathode voltage of SCRi with 
a high-speed oscilloscope. A typi¬ 
cal waveform is shown in Fig. 
54. 
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Gate Characteristics 

SCR's and triacs are specifically 
designed to be triggered by a sig¬ 
nal applied to the gate terminal. 
The manufacturer’s specifications 
indicate the magnitudes of gate 
current and voltage required to 
turn on these devices. Gate char¬ 
acteristics, however, vary from 
device to device even among de¬ 
vices within the same family. For 
this reason, manufacturer’s speci¬ 
fications on gating characteristics 
provide a range of values in the 
form of characteristic diagrams. 
A diagram such as that shown in 
Fig. 55 is given to define the 
limits of gate currents and volt¬ 
ages that may be used to trigger 
any given device of a specific 
family. The boundary lines of 
maximum and minimum gate im¬ 
pedance on this characteristic dia¬ 
gram represent the loci of all 
possible triggering points for thy¬ 
ristors in this family. The curve 
OA represents the gate character¬ 
istic of a specific device that is 
triggered within the shaded area. 



Figure 55. Gate-characteristics curves for 
a typical RCA SCR. 


Trigger Level—The magnitude 
of gate current and voltage re¬ 
quired to trigger a thyristor 
varies inversely with junction 
temperature. As the junction tem¬ 
perature increases, the level of 
gate signal required to trigger 
the thyristor becomes smaller. 
Worst-case triggering conditions 
occur, therefore, at the minimum 
operating junction temperature. 

The maximum value of gate 
voltage below the level required 
to trigger any unit of a specific 
thyristor family is also an im¬ 
portant gate characteristic. At 
high operating temperatures, the 
level of gate voltage required to 
trigger a thyristor approaches the 
minimum value, and undesirable 
noise signals may inadvertently 
trigger the device. The maximum 
nontriggering gate voltage at the 
maximum operating junction tem¬ 
perature of the device, therefore, 
is a measure of the noise-rejection 
level of a thyristor. 

The gate voltage and current re¬ 
quired to switch a thyristor to its 
low-impedance state at maximum 
rated forward anode current can 
be determined from the circuit 
shown in Fig. 56. The value of 
resistor R .2 is chosen so that maxi¬ 
mum anode current, as specified 
in the manufacturer’s current rat¬ 
ing, flows when the device latches 
into its low-impedance state. The 
value of resistor is gradually 
decreased until the device under 
test is switched from its high- 



Figure 56. Test circuit used to determine 
gate-trigger-pulse requirements of 
thyristors. 
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impedance state to its low-im¬ 
pedance state. The values of gate 
current and gate voltage immedi¬ 
ately prior to switching are the 
gate voltage and current required 
to trigger the thyristor. 

The gate nontrigger voltage 

Vgiif is the maximum dc gate volt¬ 
age that may be applied between 
gate and cathode of the thyristor 
for which the device can maintain 
its rated blocking voltage. This 
voltage is usually specified at 
the rated operating temperature 
(100®C) of the thyristor. Noise 
signals in the gate circuit should 
be maintained below this level to 
prevent unwanted triggering of 
the thyristor. 

Pulse Triggering—When very 
precise triggering of a thyristor 
is desired, the thyristor gate must 
be overdriven by a pulse of cur¬ 
rent much larger than the dc gate 
current required to trigger the 
device. The use of a large current 
pulse reduces variations in turn¬ 
on time, minimizes the effect of 
temperature variations on trigger¬ 
ing characteristics, and makes 
possible very short switching 
times. 

In the past, the maximum value 
of gate signal that could be used 
to trigger a thyristor was severely 
restricted by minimum dc trig¬ 
gering requirements and limita¬ 
tions on maximum gate power. 
The coaxial gate structure and 
the ''shorted-emitter'' construc¬ 
tion techniques now used in RCA 
thyristors, however, has greatly 
extended the range of limiting 
gate characteristics. As a result, 
the gate-dissipation ratings of 
RCA thyristors are compatible 
with the power-handling capabili¬ 
ties of other elements of these de¬ 


vices. Advantage can be taken of 
the higher peak-power capability 
of the gate to improve dynamic 
performance, increase di/dt capa¬ 
bility, minimize interpulse jitter, 
and reduce switching losses. This 
higher peak-power capability also 
allows greater interchangeability 
of thyristors in high-performance 
applications. 

The '^shorted-emitter'' technique 
makes use of the resistance path 
within the gate layer which is in 
direct contact with the cathode 
electrode of the thyristor. When 
gate current is first initiated, most 
of the current bypasses the gate- 
to-cathode junction and flows from 
the resistive gate layer to the 
cathode contact. When the IR drop 
in this gate layer exceeds the 
threshold voltage of the gate-to- 
cathode junction, the current 
across this junction increases until 
the thyristor is triggered. 

When an SCR is triggered by 
a gate signal just sufficient to turn 
on the device, the entire junction 
area does not start to conduct in¬ 
stantaneously. Instead, as pointed 
out in the discussion on Switch¬ 
ing Characteristics, the device 
current is confined to a small area, 
which is usually the most sensi¬ 
tive part of the cathode. The re¬ 
maining cathode area turns on as 
the anode current increases. When 
a much larger signal is applied 
to the gate, a greater part of the 
cathode is turned on initially and 
the time to complete the turn-on 
process is reduced. The peak am¬ 
plitude of gate-trigger currents 
must be large, therefore, when 
thyristors have to be turned on 
completely in a short period of 
time. Under such conditions, the 
peak gate power is high, and pulse 
triggering is required to keep the 
average gate dissipation within 
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the values given in the manufac¬ 
turer's specifications. New gate 
ratings, therefore, are required 
for this type of application. 

The forward gate characteris¬ 
tics for thyristors, shown in Fig. 
57, indicate the maximum allow¬ 
able pulse widths for various peak 
values of gate input power. The 
pulse width is determined by the 
relationship that exists between 
gate power input and the increase 
in the temperature of the thyris¬ 
tor pellet that results from the ap¬ 
plication of gate power. The 
curves shown in Fig. 57 (a) are for 
RCA SCR's that have relatively 
small current ratings (2N4101, 
2N4102, and 40379 families), and 
the curves shown in Fig. 57(b) 
are for RCA SCR's that have 
larger current ratings (2N3670, 
2N3873, and 2N3899 families). 
Because the higher-current thyris¬ 
tors have larger pellets, they also 
have greater thermal capacities 




Figure 57. Forward-gate characteristics for 
pulse triggering of RCA SCR’s: (a) low- 
current types, (b) high-current types. 


than the smaller-current devices. 
Wider gate trigger pulses can 
therefore be used on these devices 
for the same peak value of gate 
input power. 

Because of the resistive nature 
of the “shorted-emitter" construc¬ 
tion, similar volt-ampere curves 
can be constructed for reverse 
gate voltages and currents, with 
maximum allowable pulse widths 
for various peak-power values, as 
shown in Fig. 58. These curves 
indicate that reverse dissipations 
do not exceed the maximum allow¬ 
able power dissipation for the de¬ 
vice. 



REVERSE GATE CURRENT-A 
(a) 



(b) 

Figure 58. Reverse gate characteristics of 
RCA SCR’s: (a) low-current types, (b) high- 
current types. 
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Trigger-Circuit Requirements 

—The basic gate trigger circuit 
for a thyristor can be represented 
by a voltage source and a series 
resistance, as shown in Fig. 59. 
The series resistance should in¬ 
clude both the external circuit 
resistance and the internal genera¬ 
tor resistance. With this type of 
equivalent circuit, the conven¬ 
tional load-line approach to gate 
trigger-circuit design can be used. 


PULSE 

SOURCE 



Figure 59. Equivalent diagram of the basic 
gate-trigger circuit for a thyristor. 


With pulse triggering, it is as¬ 
sumed initially that the turn-on 
time required to trigger all thyris¬ 
tors of the same type is known, 
and that the maximum allowable 
gate trigger-pulse widths for spe¬ 
cific gate-power inputs are to be 
determined. 

The magnitude of gate-trigger 
current required to turn on all 
SCR's of a given type can be de¬ 
termined from the turn-on char¬ 
acteristics shown in Fig. 60. The 
spread or band of turn-on charac¬ 
teristics for the same gate current 
results from the variation of gate- 
trigger characteristics among de¬ 
vices of the same family. Because 
of the greater over-drive factor 
involved, the same gate current 
applied to a device obviously turns 
on a low-gate-current device in 
much less time than that required 
to turn on a higher-gate-current 
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GATE CURRENT—mA 
(b) 

Figure 60. Turn-on time distribution among 
RCA SCR’s: (a) low-current types, 

(b) high-current types. 


device. For example, a gate-trig¬ 
ger current of 100 milliamperes 
overdrives an SCR that requires 
a trigger current of only 2 milli¬ 
amperes by a factor of 50 and 
causes the device to turn on very 
quickly, while an SCR that re¬ 
quires 10 milliamperes of trigger 
current is overdriven by a factor 
of 10 and is turned on more 
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slowly. As the gate current in¬ 
creases, the band of turn-on char¬ 
acteristics becomes narrower, and 
an increase in gate current does 
not effectively decrease the turn-on 
time. 

The following example, in which 
an RCA-2N3873 SCR is to be 
turned on in 2.5 microseconds, 
demonstrates the use of the vari¬ 
ous characteristics in the solution 
of a typical triggering problem: 

The turn-on characteristics 
shown in Fig. 60 indicate that a 
gate-trigger current of 1 ampere 
is required to insure that all de¬ 
vices of this type will turn on in 
2.5 microseconds (the 2.5-micro- 
second ordinate level intersects the 
upper curve at 1000 milliamperes). 
In addition, the width of the gate- 
trigger pulse should be at least 
2.5 microseconds to ensure that 
the SCR remains on after it is 
triggered. Actually, the minimum 
requirement is that the pulse 
width be wide enough for the 
SCR anode current to achieve 
the latching value. Conservative 
design, however, requires the 
pulse width to be at least equal 
to the turn-on time. For induc¬ 
tive loads, the turn-on time is 
larger than indicated in the char¬ 
acteristics curves because of the 
slow rise of current through the 
inductance. 

A straight load line can then be 
plotted on the pulse triggering 
characteristics, as shown in Fig. 
61. The two points that determine 
the position of this line are the 
source voltage (20 volts) and a 
point slightly above the intersec¬ 
tion of the required gate current 
(1 ampere) and the curve of maxi¬ 
mum gate resistance. The load 
line should lie below the pulse- 
width curve required to trigger 
all SCR^s (in this example, the 



Figure 61. Forward gate characteristics of 
typical RCA SCR’s showing load line for a 
source of 20 volts and a required gate 
current of 1 ampere. 

2.5-microsecond curve) . The maxi¬ 
mum allowable pulse width is ob¬ 
tained by estimation of the pulse- 
width curve tangent to the load 
line. In this example, the pulse 
width is estimated to be 30 micro¬ 
seconds (the pulse-width curves 
are logarithmically spaced). The 
load line intersects the abscissa 
at the 4-ampere point. The maxi¬ 
mum circuit resistance, therefore, 
is 5 ohms. The peak gate power is 
the product of gate voltage and 
gate current at the point of tan- 
gency of the pulse-width curve, 
and is approximately 20 watts (10 
volts X 2 amperes). 

When gate pulses are used to 
trigger SCR’s, the maximum allow¬ 
able operating frequency f is de¬ 
pendent upon the average power 
rating of the gate Pjr(avff) and can 
be determined from the following 
equation: 

f “ Pg(avg)/Pg(pk) XPWg (8) 

where Pg(pk) is the peak gate 
power and PWg is the gate pulse 
width. 

If it is assumed that only half 
the total average gate-dissipation 
rating of the RCA-2N3873, or 0.25 
watt, is used to trigger the de¬ 
vice, then the maximum allowable 
operating frequency is determined 
as follows: 
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_ 0.25 W _ 

20W X 2.5 X 10~® second 
= 5000 Hz 

If there is no reverse gate power 
dissipation, the maximum allow¬ 
able frequency can be 10,000 Hz. 
If the maximum allowable pulse 
width is 30 microseconds, the 
maximum allowable operating fre¬ 
quency is proportionately reduced 
to 416 Hz. 

The trigger-circuit design is 
usually fixed by the requirements 
for reliable triggering, and re¬ 
verse gate dissipation is consid¬ 
ered after the values of source 
voltage and circuit resistance have 
been determined. Reverse gate 
power dissipation results from re¬ 
verse gate-bias conditions or cir¬ 
cuit reaction caused by some 
switching function. As in the case 
of the forward gate characteris¬ 
tics, a load-line approach can also 
be used to determine the reverse 
gate characteristics. The maxi¬ 
mum anticipated value of reverse 
gate potential is used as the 
source voltage, and the external 
circuit resistance is used to de¬ 
termine the slope of the load line. 
The load line on the reverse gate 
characteristics shown in Fig. 62 
represents a reverse gate-source 
voltage of 24 volts and an ex¬ 
ternal-circuit resistance of 5 ohms. 
From the relationship that exists 
among pulse width, average gate 
power, peak gate power, and fre¬ 
quency, a maximum pulse width 
can be calculated for the actual 
operating frequency. For a reverse 
gate dissipation of 0.25 watt, peak 
gate power of 10 watts, and a fre¬ 
quency of 5000 Hz, the maximum 
allowable pulse width PW is cal¬ 
culated as follows: 


PW 


0.25 W 

5000 Hz X low 


= 5 microseconds 


(9) 


This reverse gate-pulse width 
should be less than the maximum 
allowable pulse width, as deter¬ 
mined by the curve that lies just 
below the load line on Fig. 62. In 
this example, the maximum allow¬ 
able pulse width for reverse dis¬ 
sipation is 100 microseconds. 



Figure 62. Reverse gate characteristics for 
typical RCA SCR’s showing load line for 
a reverse gate»source voltage of 24 volts 
and an external circuit resistance of 
5 ohms. 


The total average dissipation 
caused by gate-trigger pulses is 
the sum of the average forward 
and reverse dissipations. This to¬ 
tal dissipation should correspond 
to the average gate power dissi¬ 
pation shown in the published data 
for the selected SCR. If the aver¬ 
age gate dissipation exceeds the 
maximum published value, as the 
result of high forward gate-trig¬ 
ger pulses and transient or steady- 
state reverse gate biasing, the 
maximum allowable forward-con¬ 
duction-current rating of the de¬ 
vice must be reduced to compen¬ 
sate for the increased rise of 
junction temperature caused by 
the increased gate power dissipa¬ 
tion. 

The trigger-circuit design con¬ 
siderations described for RCA 
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SCR’s also apply to RCA triacs. 
Although both types of devices 
are triggered in the same manner, 
the triac can be triggered by 
either positive or negative gate- 
trigger pulses independent of the 
polarity of the voltage between 
the main terminals. 

SERIES AND 
PARALLEL OPERATION 

The voltage or current capabili¬ 
ties of a single thyristor can be 
extended by use of two or more 
thyristors of the same type in 
series or parallel arrangements, 
respectively. The following para¬ 
graphs discuss basic considera¬ 
tions important to the successful 
operation of thyristors used in 
multiple connections. 

Series Connections 

When thyristors are connected 
in series for higher-voltage opera¬ 
tion, certain procedures should be 
followed. These procedures usually 
depend upon the typical electrical 
characteristics of the thyristors 
used and the requirements of the 
circuit application. 

The most important considera¬ 
tion in series connections of thy¬ 
ristors is to assure that voltages 
are divided equally across the in¬ 
dividual units in the series string. 
One technique that may be used 
to obtain the desired voltage dis¬ 
tribution is to select units that 
are matched with respect to such 
characteristics as OFF-state volt¬ 
age breakdown, reverse voltage 
and current, and temperature ef¬ 
fects. The use of a resistor across 
each unit in the stack is also 
recommended for improved series 
operation of thyristors. The value 
of the resistors should be some 


fraction of the maximum OFF- 
state resistance of the thyristor to 
force equal voltage division among 
the devices. 

When SCR's are used in series 
arrangements, differences in the 
reverse-recovery times of the units 
have an important bearing on the 
voltage division. Variation in in¬ 
ternal capacitances of thyristors 
and in stray capacitances between 
thyristors and ground can also re¬ 
sult in an unequal voltage division 
among the various units. The use 
of capacitive voltage dividers is 
recommended to eliminate the ef¬ 
fects of such conditions. When 
capacitive voltage dividers are 
used, however, a damping resistor 
should be connected in series with 
each capacitor to restrict peak- 
current values when the thyris¬ 
tors are switched to the ON state 
while the OFF-state voltage is 
present on the capacitor. 

When thyristors are connected 
in series, the gate-trigger circuit 
used to turn on the various units 
requires special consideration. Be¬ 
cause of differences in the delay 
and rise times of thyristors, gate- 
trigger currents that have a fast 
rise time must be used to turn on 
the units in the series string. The 
use of large gate-trigger currents 
minimizes turn-on differences. If 
large, quick-rising trigger cur¬ 
rents are not used, the voltage 
across units that have longer turn¬ 
on times may exceed peak-voltage 
ratings. 


Parallel Connections 

Thyristors are connected in 
parallel to obtain output currents 
higher than the current ratings 
of an individual thyristor. The 
main consideration for this type 
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of operation is that the current 
must be divided equally among the 
parallel thyristors. One technique 
that is used to assure proper cur¬ 
rent division is to connect an 
identical balancing resistor in 
series with each thyristor. The 
value of these resistors should be 
several times larger than the 
maximum ON-state impedance of 
the thyristors so that the current 
through each thyristor will be es¬ 
sentially the same even though 
the ON-state impedances of the 
thyristors are different. The addi¬ 
tion of a balancing resistor to 
each conduction path, however, 
increases the power dissipation 
and, consequently, decreases the 
over-all efficiency of the circuit. 
The efficiency of the circuit is im¬ 
proved if reactors, rather than 
resistors, are used to achieve 
balanced currents. 

Another technique used in the 
parallel connection of thyristors 
is to select matched devices on the 
basis of specific conduction char¬ 
acteristics. When this technique 
is employed, circuit and load im¬ 
pedances must be carefully de¬ 
signed to assure an equal im¬ 
pedance for each conduction path 
in the parallel array. When fac¬ 
tory-matched units are employed, 
care must be taken to insure that 
all units are operated at essen¬ 
tially the same case temperature. 
Because the forward voltage drop 
of a thyristor is temperature- 
dependent, differences in case 
temperature can result in unequal 
current sharing. All thyristors in 
the parallel array, therefore, 
should be mounted on a common 
heat sink to assure that the oper¬ 
ating junction temperature of 
each device is the same. 

When thyristors are connected 
in parallel, it is preferable to use 


a continuous gate drive to turn 
on the devices because of the dif¬ 
ferences in the latching levels of 
individual thyristors. Continuous 
gate drive is particularly import¬ 
ant when inductive loads are used 
because such loads produce slow- 
rising output currents, and the 
continuous drive assures that gate 
current is present throughout the 
full conduction period. If pulse 
triggering is employed, the dura¬ 
tion of the gate-trigger pulse must 
be sufficient to allow the conduc¬ 
tion currents through all the thy¬ 
ristors to build up to values 
greater than the latching values 
to assure that all thyristors are 
completely turned on. The .gate- 
trigger pulses should be fast-ris¬ 
ing, high-amplitude pulses to as¬ 
sure good current sharing among 
the parallel thyristors during the 
turn-on interval. 

Consideration should be given 
in parallel arrays to the possibility 
that one thyristor may be inad¬ 
vertently turned on from some 
extraneous source, e.g., a high rate 
of rise of OFF-state voltage 
(dv/dt). Under such conditions, it 
is possible that an excessive 
amount of current may flow 
through this thyristor. 

TRANSIENT PROTECTION 

Voltage transients occur in 
electrical systems when some dis¬ 
turbance disrupts the normal 
operation of the system. These 
disturbances may be produced by 
various sources (such as light¬ 
ning surges, energizing trans¬ 
formers, and load switching) and 
may generate voltages which ex¬ 
ceed the rating of the thyristors. 
In addition, transients generally 
have a fast rate of rise that is 
usually greater than the critical 
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value for the rate of rise of 
the thyristor OFF-state voltage 
(static dv/dt). 

If transient voltages have mag¬ 
nitudes far greater than the de¬ 
vice rating, the thyristor may 
switch from the OFF state to the 
ON state; the excess voltage is 
then transferred from the thyris¬ 
tor to the load. Because the in¬ 
ternal resistance of the thyristor 
is high during the OFF state, the 
transients may cause consider¬ 
able energy to be dissipated in 
the thyristor before breakover 
occurs. In such instances, the 
transient voltage exceeds the 
maximum allowable voltage rat¬ 
ing, and irreversible damage to 
the thyristor may occur. 

Even if the magnitude of a 
transient voltage is within the 
maximum allowable voltage rat¬ 
ing of the thyristor, the rate of 
rise of the transient may exceed 
the static dv/dt capability of the 
thyristor and cause the device to 
switch from the OFF state to the 
ON state. In this case, thyristor 
switching from the OFF state 
to the ON state occurs because 
of the fast rate of rise of OFF- 
state voltage (dv/dt) and the 
thyristor capacitance (C), which 
result in a turn-on current i = 
Cdv/dt. Thyristor switching pro¬ 
duced in this way is free from 
high-energy dissipation, and 
turn-on is not destructive pro¬ 
vided that the load current that 
results is within the device 
capability. 

In either case, transient sup¬ 
pression techniques are employed 
to minimize the effects of turn-on 
because of overvoltage or because 
the thyristor dv/dt capability is 
exceeded. 

One of the obvious solutions to 
insure that transients do not ex¬ 


ceed the maximum allowable 
voltage rating is to provide a 
thyristor with a voltage rating 
greater than the highest tran¬ 
sient voltage expected in a sys¬ 
tem. This technique, however, 
does not represent an economical 
solution because, in most cases, 
the transient magnitude, which 
is dependent on the source of 
transient generation, is not easily 
defined. (Transient voltages as 
high as 2600 volts have resulted 
from lightning disturbances on a 
120-volt residential power line.) 
Usually, the best solution is to 
specify devices that can with¬ 
stand voltage from 2 to 3 times 
the steady-state value. This tech¬ 
nique provides a reasonable 
safety factor. The effects of volt¬ 
age transients can further be 
minimized by use of external cir¬ 
cuit elements, such as a series 
RC network, across the thyristor 
terminals, as shown in Fig. 63. 
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Figure 63. Diagram showing use of RC 
network for transient suppression in 
thyristor circuits. 

The rate at which the voltage 
rises at the thyristor terminal is 
a function of both the load im¬ 
pedance and the values of the 
resistor R and the capacitor C. 
Because the load impedance is 
usually variable, the preferred 
approach is to assume a worst- 
case condition for the load and, 
through actual transient mea- 
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surement, to select a value of 
C that provides the minimum 
rate of rise at the thyristor 
terminals. The resistance R 
should be selected to minimize 
the capacitor discharge currents 
during turn-on. 

For applications in which it is 
necessary to minimize false turn¬ 
on because of transients, the ad¬ 
dition of a coil in series with the 
load, as shown in Fig. 64, is very 
effective for reduction of the 
rate of voltage rise at the thy¬ 
ristor terminals. For example, if 
a transient of infinite rise time 
is assumed to occur at the input 
terminals and if the effects of the 
load impedance are neglected, the 
rise time of the transient at 
the thyristor terminals is ap proxi- 
mately equal to E,,!,/ VLC. If the 
value of the added inductor L is 
100 microhenries and the value 
of the snubber capacitor C is 0.1 
microfarad, the infinite rate of 
rise of the transient at the thyris¬ 
tor terminals is reduced by a 
factor of 3. For a filter network 
consisting of L = 100 micro¬ 
henries, C = 0.22 microfarad, and 
R = 47 ohms, a 1000-volt-per- 
microsecond transient that ap¬ 
pears at the input terminals is 
suppressed by a factor of 6 at the 
thyristor terminals. 



Figure 64. Diagram showing use of RC 
network for transient suppression and an 
inductance to prevent false turn-on be¬ 
cause of transients in thyristor circuits. 


COMMUTATING dv/dt 
CONSIDERATIONS 

In ac power control, a triac 
must switch from the conducting 
state to the blocking state at 
each zero current point, or twice 
per cycle. This action is called 
commutation. If the triac fails 
to block the circuit voltage fol¬ 
lowing the zero-current point, 
control of the load power is lost. 
This action is not damaging to 
the triac. Commutation for re¬ 
sistive loading presents no spe¬ 
cial problems because the volt¬ 
age and current are essentially 
in phase. For inductive loading, 
however, the current lags the 
voltage so that, following the 
zero-current point, an applied 
voltage opposite to the current 
and equal to the peak of the ac 
line voltage occurs across the 
thyristor. The maximum rate of 
rise of this voltage which can 
be blocked by the triac without 
reverting to the ON state is 
termed the critical rate of rise 
of commutation voltage for the 
triac or the commutating dv/dt. 

SCR's do not experience com¬ 
mutation limitations because 
turn-on is not possible for the 
polarity of voltage opposite to 
current flow. 

The triac may be considered as 
two SCR's in an inverse-parallel 
connection with the exception 
that the high-voltage blocking 
function is common to both 
SCR's. In the circuit shown in 
Fig. 65, during the zero-current 
crossover (point A), the half of 
the triac in conduction starts to 
commutate when the main cur¬ 
rent flow falls below the holding 
current. At the instant the con¬ 
ducting half of the triac turns 
off, an applied voltage opposite 
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to the previous current polarity 
is applied across the triac. When 
this voltage is applied, a dis¬ 
placement current results from 
the formation of a depletion re¬ 
gion at the junction. The portion 
of this displacement current 
which crosses the n-type emitter 
junction of the other side of the 
triac may be sufficient to trigger 
the device into the ON state in 
that direction. The over-all re¬ 
sult is loss of power control to 
the load. The rate of decrease of 
current prior to the zero-current 
point and the rate of application 
of voltage in the opposite polar¬ 
ity determine the commutating 
duty on the triac. 


LOAD 



Figure 65. Simplified diagram and voltage 
triac in a circuit that has an inductive 


The most economical approach 
to reduction of the dv/dt stress 
so that it is within the capability 
of the triac is the use of a series 
RC network across the triac. The 
rate of change of re-applied 
voltage is then dependent on the 
inductance and capacitance of 
the load and the impedance of 
the network. The magnitude of 
added capacitance is determined 
by the load impedance and the 
dv/dt limitation of the triac. 
The value of the added resistance 
R should be sufficient both to 
damp the LC oscillation and to 
maintain the capacitor discharge 
currents during triac turn-on 
within acceptable limits. 


SOURCE VOLTAGE 



and current waveforms for operation of a 
load and a lagging-current power factor. 
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T he performance of power tran¬ 
sistors in electronic equipment 
depends on many factors besides 
the basic characteristics of the 
semiconductor material. The two 
most important factors are the 
design and fabrication of the tran¬ 
sistor structure and the manner 
in which power is dissipated from 
the device. Other factors that must 
also be considered are maximum 
ratings, basic parameters, relia¬ 
bility, and types of service in 
which power transistors are used. 

DESIGN AND FABRICATION 


crystal ingot to provide the p-n-p 
or n-p-n regions. The grown crys¬ 
tal is then sliced into a large num¬ 
ber of small-area devices, and 
contacts are made to each region 
of the devices. Fig. 66 shows a 
cross section of a grown-junction 
transistor. 
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Figure 66. Cross-section of grown-junctlon 
transistor. 


The ultimate aim of all transis¬ 
tor fabrication techniques is the 
construction of two parallel p-n 
junctions with controlled spacing 
between the junctions and con¬ 
trolled impurity levels on both 
sides of each junction. A variety 
of structures has been developed 
in the course of transistor evolu¬ 
tion. 

The earliest transistors made 
were of the point-contact type. 
In this type of structure, two 
pointed wires are placed next to 
each other on an n-type block 
of semiconductor material, and the 
p-n junctions are formed by elec¬ 
trical pulsing of the wires. This 
type has been superseded by junc¬ 
tion transistors, which are fabri¬ 
cated by various alloy, diffusion, 
and crystal-growth techniques. 

In grown-junction transistors, 
the impurity content of the semi¬ 
conductor material is changed dur¬ 
ing the growth of the original 


In alloy-junction transistors, 
two small “dots” of a p-type or 
n-type impurity element are placed 
on opposite sides of a thin wafer 
of n-type or p-type semiconductor 
material, respectively, as shown 
in Fig. 67. After proper heating, 
the impurity “dots” alloy with the 
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Figure 67. Cross-section of alloy-junction 
transistor. 


semiconductor material to form 
the regions for the emitter and 
collector junctions. The base con¬ 
nection in this structure is made 
to the original semiconductor 
wafer. 

The drift-field transistor is a 
modified alloy-junction device in 
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which the impurity concentration 
in the base wafer is diffused or 
graded, as shown in Fig. 68. Two 
advantages are derived from this 
structure: (a) the resultant built- 
in voltage or ''drift field'’ speeds 
current flow, and (b) the ability 
to use a heavy impurity concentra¬ 
tion in the vicinity of the emitter 
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Figure 68. 


Cross-section of drift-field tran¬ 
sistor. 


and a light concentration in the 
vicinity of the collector makes it 
possible to minimize capacitive 
charging times. Both these advan¬ 
tages lead to a substantial exten¬ 
sion of the frequency performance 
over that of the alloy-junction de¬ 
vice. 

The diifused-junction transis¬ 
tor represents a major advance in 
transistor technology. The in¬ 
creased control over junction spac- 
ings and impurity levels made 
possible by the diffusion tech¬ 
nique has led to significant im¬ 
provements in transistor perfor¬ 
mance capabilities. 

The first diffused-junction sili¬ 
con power transistor was the sin¬ 
gle-diffused "hometaxial" struc¬ 
ture shown in Fig. 69. The 
hometaxial transistor is fabricated 
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Figure 69. Cross-section of hometaxial- 
base silicon power transistor. 


by a simultaneous diffusion of im¬ 
purity from each side of a homo¬ 
geneously doped slice of silicon. 
A mesa is etched on one side of 
the slice in an intricate design to 
define the transistor emitter and 
expose the base region to facilitate 
application of metal contacts to the 
semiconductor. Large amounts of 
heat can be dissipated from a 
hometaxial structure through the 
highly conductive solder joint be¬ 
tween the semiconductor material 
and the device header. This struc¬ 
ture results in a high-perfor¬ 
mance, rugged power transistor 
that has a very low collector re¬ 
sistance. 

The double-diffused transistor 
provides a structure which has 
an additional degree of freedom 
for selection of the impurity levels 
and junction spacings of the base, 
emitter, and collector. This struc¬ 
ture makes possible high voltage 
capability through a lightly doped 
collector region without compro¬ 
mise of the junction spacings 
which determine device frequency 
response and other important 
characteristics. Fig. 70 shows 
a typical double-diffused silicon 
transistor. In this type of transis¬ 
tor, the emitter and base junctions 
are formed on the same side of 
the silicon slice by photolitho¬ 
graphic and silicon-dioxide mask- 
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Figure 70. Cross-section of double-diffused 
silicon power transistor. 


ing and solid-state diffusion. A 
mesa is usually etched through the 
base region to reduce the collec¬ 
tor area at the base-to-collector 
junction and to provide a rugged, 
stable semiconductor surface. 
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The double-diffused silicon 
planar transistor provides the in¬ 
herent advantages of the double- 
diffused design together with the 
added advantage of protection or 
passivation of the emitter-to-base 
and collector-to-base junction sur¬ 
faces. Fig. 71 shows a typical 
double-diffused silicon planar tran¬ 
sistor. The base and emitter re¬ 
gions terminate at the top surface 
of the semiconductor slice under 
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Figure 71. Cross-section of double-diffused 
silicon planar power transistor. 


the protection of a layer of silicon 
dioxide. Photolithographic tech¬ 
niques and silicon-dioxide masking 
are used to provide for diffusion 
of both base and emitter impuri¬ 
ties in selective areas of the sili¬ 
con slice. 

The triple-diffused transistor 
structure provides the advantages 
of the double-diffused design with¬ 
out the disadvantage of high col¬ 
lector resistance. This structure 
has a heavily doped region diffused 
from the bottom of the silicon 
slice which effectively reduces the 
thickness of the lightly doped col¬ 
lector region to a value dictated 
only by electric-field considera¬ 
tions. This design thus minimizes 
the thickness of the lightly doped 
or high-resistivity portion of the 
collector to obtain a low collector 
resistance. A low collector resist¬ 
ance is a particularly important 
advantage in high-current appli¬ 
cations. Fig. 72 shows a section of 
a triple-diffused planar structure. 
A triple-diffused mesa structure 
could also be fabricated. 

The epitaxial double-diffused 
transistor structure also has a low 


collector resistance. The structure 
and characteristics of this type of 
transistor are similar to those 
of the triple-diffused transistor 
shown in Fig. 72. The epitaxial 
structure differs fundamentally 
only in the way the collector re¬ 
gion is fabricated. The lightly 



Figure 72. Cross-section of triple-diffused 
silicon planar power transistor. 


doped collector portion of the epi¬ 
taxial structure is grown on top 
of a heavily doped silicon slice in 
a high-temperature reaction cham¬ 
ber. This growth proceeds atom 
by atom and is a perfect extension 
of the crystal lattice of the heavily 
doped silicon slice on which it is 
grown. In contrast, the triple- 
diffused structure starts with a 
lightly doped region and has a 
heavily doped region diffused into 
a portion of it. Both techniques 
provide the low collector resistance 
required for high-current or high- 
power circuit applications. 

The epitaxial-base transistor 
has a structure in which a lightly 
doped base region is deposited by 
epitaxial techniques on a heavily 
doped silicon slice of opposite-type 
dopant. Photolithographic and sili¬ 
con-dioxide masking and a single 
impurity diffusion are used to de¬ 
fine the emitter region, as shown 
in Fig. 73. This structure offers 
the advantage of low collector re¬ 
sistance and ease of controlling 
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Figure 73. Cross-section of epitaxial-base 
silicon power transistor. 
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impurity spacings and emitter 
geometry . for high-current and 
moderate-frequency performance. 
A variation of this structure uses 
two epitaxial layers. A thin lightly 
doped epitaxial layer, which is 
used for the collector, is deposited 
over the heavily doped silicon slice 
prior to the epitaxial deposition of 
the base region. The collector epi¬ 
taxial layer is of opposite-type 
dopant to the epitaxial base layer. 
This structure, shown in Fig. 74, 
has the advantages of the epitaxial- 
base device, with an added advan¬ 
tage of higher voltage ratings pro¬ 
vided by the epitaxial collector 
layer. 
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Figure 74. Cross-section of dual-epitaxlal- 
layer silicon power transistor. 


The overlay transistor is a 
double-diffused epitaxial device 
which employs a unique emitter 
structure. In this structure, a 
large number of separate emitters 
are tied together by diffused and 
metalized regions, as shown in 
Fig. 75. This design concept in¬ 
creases the emitter edge-to-area 



Figure 75. Emitter structure of an overlay 
transistor. 


ratio and reduces the charging 
time constants without compro¬ 
mise of the transistor current and 
power-handling capability. The 
overlay transistor is fabricated by 
exceptionally well controlled dif¬ 
fusions and very precise photo¬ 
lithographic and silicon-dioxide 
masking operation. Fig. 76 shows 
a section through a typical over¬ 
lay emitter region. 
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Figure 76. 


Cross-section of overlay tran¬ 
sistor. 


Power-transistor designs differ 
fundamentally from signal-level 
transistors in the way that the 
semiconductor element is pack¬ 
aged to provide for high thermal 
conductivity and low-resistance 
electrical contacts. The power 
semiconductor element is usually 
soldered or gold-alloyed to a solid 
metal header, as shown in Fig. 
77. For the high-power types, the 
header is generally constructed 
from copper or laminated copper 
and steel for improved heat trans¬ 
fer. Low-resistance contacts are 
soldered or metal-bonded from the 
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Figure 77. 


Assembly details for hIgh-power 
silicon transistor. 
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emitter or base metalizing con¬ 
tacts to the appropriate package 
leads. This packaging concept re¬ 
sults in a simple structure that 
can be readily attached to a 
variety of circuit heat sinks and 
that can safely withstand power 
dissipations of hundreds of watts 
and currents of tens of amperes. 

A few high-performance power 
transistors are packaged with 
electrical isolation of the collec¬ 
tor. This isolation is achieved, 
without compromise of thermal 
dissipation, by gold-alloying of the 
semiconductor element to a metal- 
ized ceramic disc. This disc, which 
is usually beryllium oxide, is 
brazed to the package header to 
provide a low thermal-resistance 
path to the circuit heat sink. 

BASIC TRANSISTOR 
PARAMETERS 

A transistor is usually employed 
to obtain a power gain by use of 
a small control signal to produce 
larger signal variations in the 
output current. In a vacuum tube, 
the most common gain parameter 
is the voltage amplification factor 
(fji) from the grid to the plate. 
In a transistor, the most com¬ 
monly specified gain parameter is 
the current gain (jS) from the 
base to the collector. Power gain 
of a transistor operated in the 
common-emitter circuit configura¬ 
tion is proportional to the square 
of the current gain multiplied by 
the load resistance divided by the 
input resistance, as indicated in 
Fig. 78. 

The current gain (or current 
transfer ratio) of a transistor is 
expressed by many symbols; the 
following are some of the most 
common, together with their par¬ 
ticular shades of meaning: 

1. beta (jS )—general term for 


current gain from base to collec¬ 
tor. 

2. alpha (a )—general term for 
current gain from emitter to col¬ 
lector. 

3. hf^.—ac gain from base to 
collector. 

4. hpp^—dc gain from base to 
collector. 

The input impedance r^,! of a 
transistor also affects the power 
output, as indicated by the equa¬ 
tions shown in Fig. 78. The in¬ 
put impedance is not usually spec¬ 
ified directly because of the large 
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Figure 78. Test circuit and simplified 
power-gain calculation for a transistor op¬ 
erated in a common-emitter configuration. 

number of components of which it 
is comprised, but is usually speci¬ 
fied as a maximum base-to-emitter 
voltage V,,e under specified input- 
current conditions. 
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Other low-frequency electrical 
characteristics commonly specified 
for transistors are those needed 
to verify the maximum ratings 
and the leakage currents. Leakage 
currents are important because 
they affect biasing in amplifier 
applications and represent the 
condition for transistors 
used in switching applications. 
Several different leakage currents 
are commonly specified. The most 
basic specification is Icbo» which 
indicates the leakage from collec¬ 
tor to base with the emitter open. 
This leakage, which is simply the 
reverse current of the collector- 
to-base diode, is composed of two 
components, a saturation current 
that doubles in value for approxi¬ 
mately every 8°C increase in tem¬ 
perature and a surface-leakage 
component that is not directly re¬ 
lated to temperature. In a silicon 
transistor, the saturation current 
is normally small; at room tem¬ 
perature, only the surface leakage 
is measurable. High-temperature 
leakage currents are usually speci¬ 
fied in the published data for a 
transistor. 

In addition to the Icbo ratings, 
IcEY» IcEO» IcER ratings are 
often specified for transistors. 
IcEv is the leakage from the col¬ 
lector to emitter with the base-to- 
emitter junction reverse-biased. 
Icer is the leakage current from 
the collector to the emitter with 
the base and emitter connected 
by a specified resistance. Iqeo is 
the leakage current from collector 
to emitter with the base open. 
IcEv differs from Iqbo only very 
slightly and in most transistors 
the two parameters can be consid¬ 
ered equal. (This equality is not 
maintained in symmetrical tran¬ 
sistors.) IcEo is simply the product 
of Iqbo the voltage specified 
and the hpE of the transistor at 


a base current equal to Icbo- Iceo 
is of course the largest leakage 
current normally specified. Icer 
is intermediate in value between 
IcEV ^Od IcEO- 

When transistors are used at 
higher frequencies, their gain de¬ 
creases. This condition is dis¬ 
cussed more completely in the sec¬ 
tion on High-Frequency Power 
Amplifiers. The hfp decreases with 
frequency in a predictable way, as 
shown in Fig. 79. 



FREQUENCY (LOGARITHMIC) 

Figure 79. Transistor current-gain parame¬ 
ter hfe as a function of frequency. 

Because of the regular decrease 
at high frequencies (6 dB per oc¬ 
tave), a measurement of the gain 
at any frequency on the 6-dB- 
per-octave slope multiplied by the 
frequency at which beta is meas¬ 
ured results in approximately the 
same value. This value, called the 
gain-bandwidth product f^, is in¬ 
dicative of the high-frequency 
capability of a transistor. Other 
parameters which affect high-fre¬ 
quency performance are the ca¬ 
pacitance or resistance which 
shunts the load and the input im¬ 
pedance, the effect of which is 
shown by the equations of Fig. 
78. 

The specification of all the char¬ 
acteristics which affect high-fre¬ 
quency performance is so complex 
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that often a manufacttirer does 
not specify all the parameters but 
instead specifies transistor per¬ 
formance in an rf-amplifier cir¬ 
cuit. This information is very 
useful when the transistor is oper¬ 
ated under conditions very simi¬ 
lar to those of the test circuit, 
but is difficult to apply when the 
transistor is used in a widely dif¬ 
ferent application. Some manufac¬ 
turers also specify transistor per¬ 
formance characterisetics as a 
function of frequency, which al¬ 
leviates these problems. 

The power-dissipation capability 
of a transistor is usually given by 
a dissipation derating curve, a 
thermal-resistance specification, 
and a maximum junction tempera¬ 
ture, or a safe-area curve. Thermal 
resistance is the increase in tem¬ 
perature of the junction of a tran¬ 
sistor (with respect to some ref¬ 
erence) divided by the power 
dissipated. In power transistors, 
the thermal resistance is normally 
measured from the pellet of the 
transistor to the case. The user 
is then required to determine the 
remainder of the heat-flow path. 

Thermal resistance is usually 
measured by operation of the tran¬ 
sistor in a pulsed type of service 
in which power is dissipated in 
the transistor during most of the 
operating cycle. During the re¬ 
mainder of the cycle, a tempera¬ 
ture-sensitive parameter of the 
transistor is monitored to de¬ 
termine the junction temperature. 
The parameter usually monitored 
to determine junction temperature 
is the forward-voltage drop across 
the base-to-emitter diode junction. 
For optimum accuracy, the ther¬ 
mal resistance of each transistor 
must be determined individually. 
The test, therefore, is very slow 
and expensive. There is an addi¬ 
tional disadvantage to thermal- 


resistance testing in that the 
measurement is based on the av¬ 
erage junction temperature and 
does not indicate the maximum 
temperature attained within the 
device if temperature distribution 
across the pellet is not uniform. 

Safe-area curves are normally 
verified with a power rating test. 
In this type of test, the transistor 
is subjected to a high-level pulse 
of power (usually equal to the 
power ratings of the transistor at 
25°C) for a period of time that is 
long compared to the transistor 
internal time constant, but short 
compared to the thermal time con¬ 
stant of the case. The voltage 
across the transistor is monitored. 
A failing unit momentarily shorts 
because of localized overheating. 
During the test, this overheating 
is detected by a sensing circuit, 
and power is removed. In an actual 
application, the transistor would 
be destroyed. A safe-area rating 
curve indicates whether a transis¬ 
tor can withstand a given power 
level without excessive localized 
overheating. 


MAXIMUM RATINGS 


All semiconductor devices un¬ 
dergo irreversible changes if 
their temperature is increased be¬ 
yond some critical limit. A number 
of ratings are given for power 
transistors, therefore, to assure 
that this critical temperature limit 
will not be exceeded on even a 
very small part of the silicon chip. 
The ratings for power transistors 
normally specify the maximum 
voltages, maximum current, maxi¬ 
mum and minimum storage tem¬ 
perature, and maximum power 
dissipation that the transistor 
can safely withstand. 
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Voltage Ratings 

Maximum voltage ratings are 
normally given for both the collec¬ 
tor and the emitter junctions of 
a transistor. A Vbeo rating, which 
indicates the maximum emitter- 
to-base voltage with the collector 
open, is usually specified. The col¬ 
lector-junction voltage capability 
is usually given with respect to 
the emitter, which is used as the 
common terminal in most transis¬ 
tor circuits. This capability may 
be expressed in several ways. A 
V^Eo rating specifies the maxi¬ 
mum reverse collector-to-emitter 
voltage with the base open; a 
V(^er rating for this voltage im¬ 
plies that the base is returned to 
the emitter through a specified 
resistor; a Vces rating gives the 
maximum reverse voltage when 
the base is shorted to the emitter ; 
and a Voev rating indicates the 
maximum voltage when the base 
is reverse-biased with respect to 
the emitter by a specified voltage. 
A Veex rating may also be given 
to indicate the maximum collector- 
to-emitter voltage when a resistor 
and voltage are both connected 
between base and emitter. 

If a maximum voltage rating 
is exceeded, the transistor may 
“break down'’ and pass current in 
the reverse direction. The break¬ 
down across the junction is usually 
not uniform, and the current may 
be localized in one or more small 
areas. The small area becomes 
overheated unless the current is 
limited to a low value, and the 
transistor may then be destroyed. 

Current Ratings 

The maximum current rating of 
a transistor indicates the highest 
current at which, in the manufac¬ 
turer’s judgment, the device is 


useful. This current limit may be 
established by setting an arbi¬ 
trary minimum current gain or 
may be determined by the fusing 
current of an internal connecting 
wire. A current that exceeds the 
rating, therefore, may result in 
a low current gain or in the de¬ 
struction of the transistor. 

Storage and Operating 
Temperature Ratings 

The basic materials in a silicon 
transistor allow transistor ac¬ 
tion at temperatures greater than 
300°C. Practical transistors, how¬ 
ever, are limited to lower tempera¬ 
tures by mounting systems and 
surface contamination. If the 
maximum rated storage or oper¬ 
ating temperature is exceeded, 
irreversible changes in leakage 
current and in current-gain char¬ 
acteristics of the transistor result. 

Power Ratings 

A transistor is heated by the 
electrical power dissipated in it. A 
maximum power rating is given, 
therefore, to assure that the tem¬ 
perature in all parts of a transistor 
is maintained below a value that 
will result in detrimental changes 
in the device. This rating may be 
given with respect to case tem¬ 
perature (for transistors mounted 
on heat sinks) or with respect to 
“free-air ambient” temperature. 
Case temperature is measured 
with a small thermocouple or other 
low-heat-conducting thermometer 
attached to the outside of the case 
or preferably inserted in a very 
small blind hole in the base so that 
the measurement is taken as close 
to the transistor chip as possible. 
Very short pulses of power do not 
heat the transistor to the tempera¬ 
ture which it would attain if the 
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power level was continued indefi¬ 
nitely. Ratings of maximum power 
consider this factor and allow 
higher power dissipation for very 
short pulses. 

The dissipation in a transistor 
is not uniformly distributed across 
the semiconductor wafer. At 
higher voltages, the current con¬ 
centrations become more severe, 
and hot spots may be developed 
within the transistor pellet. As a 
result, the power-handling capabil¬ 
ity of a transistor is reduced at 
high voltages. The power rating 
of a transistor may be presented 
most easily by a limiting curve 
that indicates a peak-power safe 
operating region. This curve 
shows power-handling capability 
as a function of voltage for vari¬ 
ous time durations. The factors 
that determine the boundaries de¬ 
fined by the safe-area curve and 
the use of this curve are discussed 
in the following sections. 

THERMAL CONSIDERATIONS 

The physical mechanisms re¬ 
lated to basic transistor action are 
temperature-sensitive. If the bias 
is not temperature-compensated, 
the transistor may develop a re¬ 
generative condition, known as 
thermal runaway, in which the 
thermally generated carrier con¬ 
centration approaches the im¬ 
purity carrier concentration. [Ex¬ 
perimental data for silicon show 
that, at temperatures up to 700°K, 
the thermally generated carrier 
concentration nj is determined as 
follows: ni = 3.87 X x T X 
(3/2) exp (—1.21/2kT).] When 
this condition becomes extreme, 
transistor action ceases, the collec- 
tor-to-emitter voltage Vce col¬ 
lapses to a low value, and the cur¬ 
rent increases and is limited only 
by the external circuit. 


If there is no current limiting, 
the increased current can melt the 
silicon and produce a collector-to- 
emitter short. This condition can 
occur as a result of a large-area 
average temperature effect, or 
in a small area that produces 
hot spots or localized thermal 
runaway. In either case, if the 
intrinsic temperature of a semi¬ 
conductor is defined as the tem¬ 
perature at which the thermally 
generated carrier concentration is 
equal to the doped impurity con¬ 
centration, the absolute maximum 
temperature for transistor action 
can be established. 

The intrinsic temperature of a 
semiconductor is a function of the 
impurity concentration, and the 
limiting intrinsic temperature for 
a transistor is determined by the 
most lightly doped region. It must 
be emphasized, however, that the 
intrinsic temperature acts only 
as an upper limit for transistor 
action. The maximum operating 
junction temperature (power) is 
established by additional factors 
such as the efficiency of heat re¬ 
moval, the yield point and melting 
point of the solder used in fabri¬ 
cation, and the temperature at 
which permanent changes in the 
junction properties occur. 

Thermal Resistance 

The methods of rating power 
transistors under steady-state con¬ 
ditions are embodied in the fol¬ 
lowing definition of thermal re¬ 
sistance: The thermal resistance 
of a semiconductor device is the 
quotient of the temperature drop 
and the heat generated through 
internal power dissipation under 
steady-state conditions, the tem¬ 
perature drop being measured be¬ 
tween the region of heat genera¬ 
tion and some reference point. 
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It should be noted that thermal 
resistance is defined for steady- 
state conditions. If a uniform 
temperature over the entire semi¬ 
conductor junction is assumed, the 
power dissipation required to raise 
the junction temperature to a pre¬ 
determined value, consistent with 
reliable operation, can be de¬ 
termined. Under conditions of in¬ 
termittent or switching loads, 
however, such design is unneces¬ 
sarily conservative and expensive. 
In the next section, the problem 
of transient thermal response is 
investigated and the concept of 
thermal capacitance is introduced. 

Junction-to-Case Thermal Im¬ 
pedance—The heat-flow problem 
in a transistor may be analyzed 
in terms of the simple electrical 
analog shown in Fig. 80. The 
model uses an energy-storage ele¬ 
ment C, which introduces the con¬ 
cept of thermal capacitance, to 
explain the transient thermal 
properties of transistors. Al¬ 
though this model may be con¬ 
veniently used to predict the rise 
of junction temperature that re¬ 
sults from a unit step or pulse 
input of power, the two-element 
equivalent circuit is an extreme 
over-simplification. 


For example, in the double- 
diffused epitaxial planar transis¬ 
tor shown in Fig. 81, the major 
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Figure 81. Structure of double-diffused epi¬ 
taxial planar transistor. 

physical source of heat is the col- 
lector-to-base junction. Fig. 82 
shows the thermal equivalent cir¬ 
cuit for this transistor. In gen¬ 
eral, the thermal-resistance ele¬ 
ments shown to the left of the 
junction are so large that the 
power flow through this path is 
negligible. In addition, the heat 
energy introduced by the bulk- 
resistance terms for moderate cur¬ 
rent levels may be considered 
small in comparison to the heat 
injected at the collector-to-base 
junction. 

If these simplifications are 
made, the thermal equivalent cir¬ 
cuit may be reduced to the form 
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Figure 80. Electrical analog representation of the heat-flow path of a transistor: (a) 
thermal circuit; (b) electrical equivalent of thermal circuit. 
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Figure 82. Thermal equivalent circuit for transistor structure shown in Fig. 81. 


shown in Fig. 83. It should be 
noted that the elements of this 
circuit are complex quantities 
which are dependent upon the 
operating conditions of the tran¬ 
sistor. At high current levels, cur¬ 
rent-crowding effects cause the 
current-flow paths from emitter 
to collector junction to be modi¬ 
fied. The modified current-flow 
paths tend to concentrate the heat 
in a small portion of the collector 
junction area and thus to create 
hot spots. As these conditions de¬ 
velop, the thermal equivalent cir¬ 
cuit must also be modified to 
account for the restricted heat- 
flow paths. It should be obvious 
from this discussion that a com¬ 
plete thermal equivalent circuit is 
very complex. 

However, the response of this 
complex system to a given input 
can be determined as follows: If 
the model is restricted to suffi¬ 
ciently low currents and the de¬ 
pendence of the thermal resistance 
on the operating point is ne¬ 
glected, the simple equivalent 
shown in Fig. 84 may be used 
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Figure 84. Simplified equivalent circuits 
for a small-signal medium-power transistor: 
(a) thermal circuit; (b) electrical analog of 
thermal circuit. 


for a small-signal medium-power 
transistor. Representative values 
for the thermal parameters in a 
typical transistor are as follows: 

0si = 15 °C/W 

0solclcr = 0.4 °C/W 

0caso = 19.6 °C/W 

Csi = 0.18 X 10-3 (W-sec)/‘^C 

Csoidor = 0.04 X 10-3 (W-sec)/°C 

Cense == 285 X 10-3 (W-sec)/°C 

Because of the difference in the 
magnitude of these elements, the 
equivalent circuit may be further 
simplified in the time domain. 
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Figure 83. Simplified equivalent circuit for transistor structure shown In Fig. 81. 
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For very short times (t << O^ase X 
Cease) > the thermal impedance to 
the right of Osolder in Fig. 84 is 
approximately an open circuit, and 
the equivalent circuit appears as 
shown in Fig. 85. The electrical 



Figure 85. Simplified thermal equivalent 
circuit for a transistor when the duration 
of applied voltage and current is very short 
(I.e., t ^case Cease). 

analog of such a circuit can be 
used to show that the response to 
a step input of power P is given 
by the following expression: 


Tj (t) 


P 

(Cgi “ 1 “ Csolder) 

Csi (Csolder Ce) 

eirk+‘)] 

+ Tamb (10) 


Ce = 


Csi Cs older 
Csi Csolder 


( 11 ) 


where Tj is the junction tempera¬ 
ture, and the other parameters are 
evident from Fig. 85. 

Eq. (10) shows that initially 
the junction temperature rises 
faster than an exponential because 
of the linearly increasing t term. 
For time durations greater than 
five thermal time constants (t > 
5 O^iCj^), the exponential term exp 
(—t/^siCE) approaches zero, and 
the junction temperature rises 
linearly. 

If the response is analyzed a 
long time after the application of 
the step of power, some definite 
statements can be made. All 


of the thermal capacitors are 
charged, and the junction tempera¬ 
ture is determined as follows: 

Tj (t) == Tj 

~ P (Csi ~f* Csolder Cease) 

+ Tamb (12) 

There is no time dependence im¬ 
plicit in this equation, which is 
identical to the solution for the 
steady-state condition. 

At intermediate times such that 

^SiCe << t < ^ease Ccase> effec¬ 

tive equivalent circuit can be rep¬ 
resented as shown in Fig. 86. The 
electrical analog can again be 
used to show that the response 


JUNCTION ^Si ^ ^SOLDER 



Figure 86. Simplified thermal equivalent 
circuit for a transistor for ^si Ce « t 

<C ^case Cease. 

of this circuit to a step input of 
power, under these conditions, is 
given by the following equation: 

Tj (t) = [P (Csi + Csolder) X 
Ul (t)] P Cease X 
[ 1 exp (—t/Ccase Cease)] ( 13 ) 

where the unit step function Ui (t) 
is zero for t < 0 and unity 
for t > 0. 

Eq. (13) indicates that when 
^SiCe << t < ^case Ccase> junc¬ 
tion temperature rises exponen¬ 
tially from a constant value, and 
reaches another constant value in 
approximately five time constants. 

The response of the circuit in 
Fig. 84 has been predicted during 
two transient periods for steady- 
state conditions. The response 
must then be determined for in¬ 
termediate times between the two 
transient responses given by Eqs. 
(10) and (13). Because it is as¬ 
sumed that the analog model 
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contains only linear elements, 
superposition may be used. The 
response of the circuit in Fig. 
84, therefore, may be determined 
by addition of the responses de¬ 
fined by Eqs. (10) and (13) with 
appropriate summing factors. This 
summation can be performed 
graphically; the results of such 
an analysis based upon the nu¬ 
merical values given previously 
are shown in Fig. 87. The ordinate 
value is the thermal impedance, 
or transient thermal resistance 



Figure 87. Graphical representation of 
transient thermal resistance curve. 


Qr^. The value of is determined 
by the pulse width and may be 
used to calculate the peak pulse 
power Pp, as follows: 


P r J (max) 1- amb r 1 

eT(Tp) ^ ^ 


In a power transistor, it is 
often desirable to mount the sili¬ 
con pellet on a copper pedestal 
so that the heat spreads over a 
wider area before it reaches the 
steel case. This dispersal of heat 
introduces two more elements in 
the equivalent circuit to account 
for the thermal resistance and 
capacitance of the copper pedes¬ 
tal. In practice, is very small 
and is comparable to Cense- 
As a first approximation, may 
be neglected, and and Cense 
can be lumped together. The 
equivalent circuit is then shown 
in Fig. 84, and the thermal re¬ 
sponse is shown in Fig. 87. 

In this analysis, a simple 
thermal equivalent circuit has 
been used to predict the junction- 
temperature response to a sud¬ 
denly applied pulse of power. 
Although the elements of the 
equivalent circuit are dependent 
upon the operating conditions, 
this dependence has been neglected 
to simplify the problem to obtain 
some insight to the response. Fig. 
87 does not present an actual 
transient thermal response of a 
transistor, but is a graphical 
presentation of the result ob¬ 
tained from the application of a 
step function of input power to 
the approximate model developed. 


where Tj, is the pulse width. 

The heating and cooling curves 
are conjugates, and may be re¬ 
lated by the following equation: 

Te = AT,-Tn = PRT-Th (15) 

where T^ is the cooling response 
and Tji is the heating response. 
It is apparent, therefore, that the 
foi* ^ given device can be de¬ 
termined if the junction tempera¬ 
ture is monitored as a function 
of time after the removal of a 
steady-state load. 


Thermal Impedances External 
to the Transistor—The thermal 
equivalent circuits for a transis¬ 
tor discussed in the preceding sec¬ 
tion considered only the thermal 
paths from junction to case. For 
power transistors in which the 
silicon pellet is mounted directly 
on the header or pedestal, the 
total internal thermal resistance 
from junction to case varies 
from 50°C per watt to less than 
1°C per watt. If the transistor is 
not mounted on a heat sink, the 
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thermal resistance from case to 
ambient air Oq.a is so large in 
comparison to that from junction 
to case that the net over-all 
thermal resistance from junction 
to ambient air is primarily the 
result of the term. Table IV 
lists values of case-to-air thermal 
resistance for popular JEDEC 
cases. Beyond the limit of a few 
hundred milliwatts, it becomes im¬ 
practical to increase the size of 


Table IV—Case-to-Free-Air 


Thermal Resistance for Popular 
JEDEC Cases 


Case 

TO-18 

TO-46 

TO-5 

TO-39 

TO-8 

TO-66 

TO-60 

TO-3 

TO-36 


Oc.aCC/W) 

300 

300 

150 

150 

75 

60 

70 

30 

25 


the case to make the ^c-a term 
comparable to the 0j.c term. As 
a result, most power transistors 
are designed for use on an ex¬ 
ternal heat sink. 

The primary purpose of a heat 
sink is to increase the effective 
heat-dissipation area. The effect 
on the thermal equivalent circuit 
is shown in Fig. 88. From the 
electrical analog, the effective re¬ 
sistance of the two parallel 
thermal paths is smaller than 


^HEAT sink-7 


r 


^wv—1 
CsolderJ 

UcAS^ 

1 

L 


CcASEj 


4 


Cheat sink/ 


AMBIENT 


Figure 88. Thermal equivalent circuit for 
a transistor mounted on a heat sink. 


that of either of the paths. The 
effect of the heat sink is to pro¬ 


vide an additional low-thermal- 
resistance path from case to am¬ 
bient air. The heat-sink thermal 
resistance actually consists of two 
series elements, the thermal re¬ 
sistance from case to heat sink 
that results from conduction 
and the thermal resistance 
from heat sink to ambient air 
caused by convection and radia- 
tion (Os- a)- 

In practice, the case must be 
electrically isolated from the heat 
sink except for grounded-collector 
circuits. The thermal resistance 
from case to heat sink, therefore, 
includes two components. One 
component is caused by surface 
irregularities and can be mini¬ 
mized by use of silicone grease 
compounds; the other component 
is introduced by the electrical in¬ 
sulating washer required. The 
thermal capacitance of these two 
elements is very small and can be 
neglected. 

If the full power-handing capa¬ 
bility of a transistor, as deter¬ 
mined by 0J.C, is to be realized, 
there should be no temperature 
differential between the case and 
ambient air. This condition can 
occur only when the thermal resis¬ 
tance of the heat sink is zero, i.e., 
when the transistor is mounted on 
an infinite heat sink. Although an 
infinite heat sink can never be rea¬ 
lized in practice, the greater the 
ratio Oj.c/Oc-Ay the closer is the 
approximation, and the nearer the 
maximum power limit defined by 
Oj.c can be approached. When a 
power transistor is used with a 
heat sink, the heat loss by convec¬ 
tion and radiation through the 
case is very small compared to the 
loss through the heat sink. If 
^case 3-nd Cease neglected, or at 
worst combined with ^j^eat sink ^nd 
Cheat siiik» the thermal equivalent 
circuit for the transistor can be 
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represented as shown in Fig. 89. 

The form of the equivalent cir¬ 
cuits shown in Figs. 84 and 89 is 
the same, and their response char¬ 
acteristics are similar. 


6 S\ ^SOLDER 



AMBIENT 


Ce — Cease -|- Cheat sink 
. ^heat sink (^case) 

^lieat sink -f" dense 


^heat sink 


Figure 89. Simplified thermal equivalent 
circuit for a transistor mounted on a heat 
sink. 


Heat Removal 


Heat may be transferred by 
three basic processes: conduction, 
convection, and radiation. Each of 
these processes is used in the re¬ 
moval of heat from silicon power 
transistors. 

Conduction is a process of heat 
transfer in which heat energy is 
passed from one atom to the next, 
while the actual atoms involved in 
the transfer remain in their orig¬ 
inal positions. If a known amount 
of power flows through a material, 
the thermal resistance which may 
be attributed to conduction is de¬ 
termined by the following equa¬ 
tion : 


In natural convection, the medium 
moves because of differences in 
density. Both forced and natural 
convection are used for transistor 
cooling. The following equation de¬ 
fines the thermal resistance of 
vertical plates freely suspended in 
free air at ground level: 

Oconv = (2300/A) (L/T.S - Ta„,h)i 

(17) 

where A is the total exposed area 
(twice the area of one side) in 
square centimeters, T^ is the sur¬ 
face temperature of the heat sink 
in °C, is the ambient tempera¬ 
ture in °C, and L is the height of 
the heat sink in centimeters. 

The third process by which heat 
may be transferred is radiation. 
The rate of emission from a sur¬ 
face can be found from Stefan's 
law. In accordance with this law, 
the equation for radiation thermal 
resistance may be written as fol¬ 
lows : 


e, 


•ad 


1793 X 10« 

AE (T,2 - Ta,.b“) 


(Ts — Tainb) 
(18) 


where A is the total exposed area 
in square centimeters, E is the 
emissivity (a function of the sur¬ 
face finish), T^ is the surface tem¬ 
perature in °C, and Tan^i, is the 
ambient temperature in °C. 


Ocond = t/4.186 kA °C per watt (16) 

where t is the length of the ther¬ 
mal path in centimeters, k is the 
thermal conductivity in CAL/ 
(sec) (cm) (°C), A is the area per¬ 
pendicular to the thermal path t 
in square centimeters, and the 
conversion factor 4.186 is given in 
(watt) (sec)/CAL. 

Convection is a term applied to 
the transfer of heat by the phys¬ 
ical motion of hot material. In 
forced convection, the medium of 
heat transfer is moved by a fan. 


Selection and Use of 
External Heat Sinks 

The sources of thermal resis¬ 
tance both internal and external 
to the transistor have been dis¬ 
cussed, and the processes which 
may be used for heat removal have 
been explained briefly. A power 
transistor is normally designed to 
be used with an external heat sink. 
This section discusses the factors 
involved in the selection of an ex¬ 
ternal heat sink. 
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Types of Heat Sinks—Heat 
sinks are produced in various 
sizes, shapes, colors, and materi¬ 
als; the manufacturer should be 
contacted for exact design data. It 
is convenient for discussion pur¬ 
poses to group heat sinks into 
three categories as shown below: 

1. Flat vertical-finned types are 
normally aluminum extru¬ 
sions with or without an ano¬ 
dized black finish. They are 
unexcelled for natural convec¬ 
tion cooling and provide rea¬ 
sonable thermal resistance at 
moderate air-flow rates for 
forced convection. 

2. Cylindrical or radial vertical- 
finned types are normally cast 
aluminum with an anodized 
black finish. They are used 
when maximum cooling in 
minimum lateral displace¬ 


ment is required, using natu¬ 
ral convection. 

3. Cylindrical horizontal-finned 
types are normally fabri¬ 
cated from sheet-metal rings 
and have a painted black 
matte finish. They are used 
in confined spaces for maxi¬ 
mum cooling in minimum dis¬ 
placed volume. 

It is also common practice to 
use the existing mechanical struc¬ 
ture or chassis as a heat sink. The 
design equations and curves for 
such heat sinks based upon con¬ 
vection and radiation are shown 
in Figs. 90, 91, and 92. 

A useful nomograph which con¬ 
siders heat removal by both con¬ 
vection and radiation is given in 
Fig. 93. This nomograph applies 
for natural bright finish on the 
copper or aluminum. 



0 20 40 60 80 100 120 140 

t’surface ■"“’’ambient 


O* 

^C = -^®C/WATT 

WHERE B = CONVECTION THERMAL 
RESISTANCE ®C/WATT 
A = AREA IN cm2, JOTAL 
EXPOSED SURFACE 
L=HEIGHTINcm 


Figure 90. Convection thermal resistance as a function of temperature drop from the 
surface of the heat sink to free air for heat sinks of various heights. (Reprinted from 
Control Engineering, October 1956.) 
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Performance — The perfor¬ 
mance that may be expected from 
a commercial heat sink is normally 
specified by the manufacturer, and 
the information supplied in the de¬ 
sign curves shown in Figs. 90, 91, 
and 92 provides the basis for the 
design of flat vertical plates for 
use as heat sinks. In all cases, it 
must be remembered that the heat 
is dissipated from the heat sink 
by both convection and radiation. 
Although surface area is impor¬ 
tant in the design of vertical-plate 
heat sinks, other factors such as 
surface and ambient temperatures, 
conductivity, emissivity, thickness, 
shape, and orientation must also 
be considered. An excessive tem¬ 
perature gradient can be avoided 
and the conduction thermal resis¬ 
tance in the heat sink can be mini¬ 
mized by use of a high-conductiv¬ 
ity material, such as copper or 
aluminum, for the heat sink. Radi¬ 
ation losses are increased by an 
increase in surface emissivity, as 
shown in Fig. 92. Best results are 


obtained when the heat sink has a 
black matte finish for which the 
emissivity is at least 0.9. When 
free-air convection is used for heat 



20 40 60 80 100 120 140 160 


T SURFACE 


Figure 92. Ratio of radiation thermal re- 
s Stance to convection thermal resistance 
as a function of heat-sink surface tempera¬ 
ture for various surface emissivities. (Re¬ 
printed from Control Engineering, October 
1967.) 
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MATERIAL 

COPPER ALUMINUM 

MOUNTING 

POSITION 

HORIZONTAL 


VERTICAL 


HORIZONTAL 


vertical 

THICKNESS (INCHES) 

3. A. 

16 32 


3 3 

16 32 


Jl. 
16 32 


16 32 

AREA 

OF ONE 
SIDE OF 
HEAT 

SINK OR 
CHASSIS 
(SQUARE 
INCHES) 
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THERMAL RESISTANCE-®C/W 


INSTRUCTION FOR USE: SELECT THE HEAT-SINK AREA AT LEFT AND DRAW A HORIZONTAL LINE 
ACROSS THE CHART FROM THIS VALUE. READ THE VALUE OF MAXIMUM THERMAL RESISTANCE DE¬ 
PENDING ON THE THICKNESS OF THE MATERIAL, TYPE OF MATERIAL, AND MOUNTING POSITION. 
Figure 93. Thermal resistance as a function of heat-sink dimensions. (Nomograph re¬ 
printed from Electronic Design, August 16, 1961.) 


removal, a vertically mounted heat 
sink provides a thermal resistance 
that is approximately 30 per cent 
lower than that obtained with hor¬ 
izontal mounting. 

In restricted areas, it may be 
necessary to use forced-convection 
cooling to reduce the effective 
thermal resistance of the heat 
sink. On the basis of the improved 
reliability of cooling fans, it can 
be shown that the over-all relia¬ 
bility of a system may actually be 
improved by use of forced-convec¬ 
tion cooling because the number 
of components required is reduced. 


Economic factors are also im¬ 
portant in the selection of heat 
sinks. It is often more economical 
to use one heat sink with several 
properly placed transistors than to 
use individual heat sinks. It can 
be shown that the cooling efficiency 
increases and the unit cost de¬ 
creases under such conditions. 

Selection and Use of Insulators 

As pointed out previously, when 
transistors are to be mounted on 
heat sinks, some form of electrical 
isolation must be provided between 
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the case and the heat sink. Unfor¬ 
tunately, however, good electrical 
insulators usually are also good 
thermal insulators. It is difficult, 
therefore, to provide electrical in¬ 
sulation without introduction of 
significant thermal resistance be¬ 
tween case and heat sink. The best 
materials for this application are 
mica, beryllium oxide (Beryllia), 
and anodized aluminum. A com¬ 
parison of the properties of these 
three materials for case-to-heat- 
sink isolation of the TO-3 package 
is shown in Table V. If the area 
of the seating plane, the thickness 
of the material, and the thermal 
conductivity are known, the case- 
to-heat-sink thermal resistance 


good method for thermal isolation 
of the collector from a metal chas¬ 
sis or printed-circuit board is by 
means of a beryllium-oxide wash¬ 
er. The use of a zinc-oxide-filled 
silicone compound between the 
washer and the chassis, together 
with a moderate amount of pres¬ 
sure from the top of the transistor, 
helps to decrease thermal resis¬ 
tance. Fin-type heat sinks, which 
are commercially available, are 
also suitable, especially when 
transistors are mounted in Teflon 
sockets which provide no thermal 
conduction to the chassis or 
printed-circuit board. Fig. 94 il¬ 
lustrates both types of mounting. 


Table V—Comparison of Insulat¬ 
ing Washers Used for Electrical 
Isolation of Transistor TO-3 
Case from Heat Sink 


SILICONE 

GREASE 

\r-^ 

, <CASF 

BftO WASHER 

/////} 

T 1 

1 1 1 CHASSIS 
(o) 


Material 

Thickness 

(inches) 

(^cm 

Capacitance 

(pF) 

Mica 

0.002 

0.4 

90 

Anodized 

Aluminum 

0.016 

0.35 

110 

Beryllia 

0.063 

0.25 

15 


Oc-f}, can be readily calculated by 
use of Eq. (16). In all cases, this 
calculation should be experimen¬ 
tally verified. Irregularities on the 
bottom of the transistor seating 
plane or on the face of the heat 
sink or insulating washer may re¬ 
sult in contact over only a very 
small area unless a filling com¬ 
pound is used. Although silicone 
grease has been used for years, re¬ 
cently newer compounds with zinc 
oxide fillers (e.g., Dow Corning 
#340 or Wakefield #120) have 
been found to be even more effec¬ 
tive. 

For small general-purpose tran¬ 
sistors, such as the 2N2102, which 
use a JEDEC TO-5 package, a 



TO-5 PACKAGE 2 HOLES 
WELDED TO 
HEAT-RADIATOR 



(b) 

Figure 94. Suggested mounting arrange¬ 
ments for transistors having a JEDEC TO-5 
package: (a) without heat sink; (b) with 
fin-type heat sink. 

At frequencies of 100 MHz and 
higher, the effects of stray capaci¬ 
tances and inductances and of 
ground paths and feedback cou¬ 
pling have a pronounced effect on 
the gain and power-output capa¬ 
bilities of transistors. As a result. 
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physical aspects such as mechani¬ 
cal layout, shielding, and heat-sink 
considerations are important in 
the design of rf amplifiers and os¬ 
cillators. In particular, it should 
be noted that the insulating wash¬ 
er necessary for isolation intro¬ 
duces coupling capacitance from 
collector to chassis which may se¬ 
riously limit circuit performance. 

Effect of Thermal Factors on 
Dissipation Capability 

The effects of the heat sink and 
the insulating washer between 
case and heat sink can be clarified 
by sample calculations of the max¬ 
imum allowable power dissipation 
in a transistor. In these calcula¬ 
tions, the dissipation capability is 
determined for a 2N3055 silicon 
power transistor operating at an 
ambient temperature of 50° C for 
steady-state conditions and for 
both repetitive and nonrepetitive 
transient conditions. It is assumed 
that the transistor is attached to 
a 3-inch-by-4.25-inch, vertical- 
finned, extruded aluminum heat 
sink having a natural finish. This 
heat sink has a thermal resistance 
^s-A of 2.5°C per watt. The transis¬ 
tor is electrically insulated from 
the heat sink by a 0.002-inch-thick 
mica washer, which is coated with 
a zinc-oxide-filled silicone grease. 
The effective thermal resistance 
^c-s of the washer and silicone 
grease is 0.5°C per watt. 

Steady-State Operation—The 
maximum dissipation capability of 
a transistor under steady-state 
conditions depends on the sum of 
the series thermal resistances 
from the transistor junction to 
ambient air, the maximum junc¬ 
tion temperature Tj(max), and 
the ambient temperature T^mb 


which the transistor is operated. 
The sum of the series thermal re¬ 
sistances can be determined from 
the following relationship: 

0J_A = 0J-C + 0C-S + 0S-A (19) 

The maximum value of the junc- 
tion-to-case thermal resistance 
0J.Q for/the 2N3055 transistor, as 
given in the manufacturer's speci¬ 
fications, is 1.5°C per watt. For 
the thermal system specified, the 
sum of the series thermal resis¬ 
tance can then be determined, as 
follows: 

0j_A = 1.5 + 0.5 -f 2.5 
= 4.5 °C per watt 

The maximum junction temper¬ 
ature of the 2N3055, as specified 
in the manufacturer's rating, is 
200°C. For operation at an am¬ 
bient temperature of 50 °C, the 
maximum dissipation capability of 
the 2N3055 transistor, under 
steady-state conditions, is calcu¬ 
lated as follows: 

T> / \ Tj (max) Tamb /orvx 

Pss (max) =- - - (20) 

yj-A 

= (200-50)/4.5 
= 33.3 watts 

The case temperature of the 
2N3055 transistor that results 
from the maximum steady-state 
dissipation is calculated from the 
following equation: 

Tc — Pss (0c- a) + Tamb (21) 

The term 6c -a represents the total 
thermal resistance from case to 
ambient air (i.e., Oc-a — ^c-s + 
^s-A = watt). The case 

temperature, then, can be calcu¬ 
lated as follows: 

Tc = 33.3 (3) + 50 - 150°C 

Single-Pulse Operation—When 
a transistor is operated in re¬ 
sponse to a single, nonrepetitive. 
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short-duration pulse of power, the 
maximum allowable power dissipa¬ 
tion during this transient period 
is substantially greater than the 
steady-state dissipation capability 
of the transistor. In the following 
calculations, the dissipation capa¬ 
bility of the 2N3055 transistor 
operated in the specified thermal 
system from a single 1-millisecond 
pulse of power is determined. 

Before the maximum dissipation 
capability of the transistor can be 
determined, the transient thermal 
resistance of the transistor must 
be known. The transient thermal 
resistance is usually obtained from 
the transistor maximum-operat¬ 
ing-area curve, shown in Fig. 95, 
in the form of a normalized power 
multiplier M. For a 1-millisecond 


TDF - 1- 


Tc - 25°C 
T j (max) - 25°C 


( 22 ) 


For the system specified, the 
thermal capacitance of the heat 
sink is so large that the tempera¬ 
ture of the heat sink does not 
change during the 1-millisecond 
duration of the pulse. The case 
temperature T(i, therefore, is es¬ 
sentially the same as the ambient 
temperature (50° C). 

The data given above, together 
with the maximum steady-state 
dissipation rating of the transis¬ 
tor (P,nax = 115 watts at a case 
temperature of 25°C), are used to 
determine the maximum allowable 
dissipation for the 2N3055 
transistor during the 1-millisec¬ 
ond period of the pulse, as follows: 



COLLECTOR-TO-EMITTER VOLTAGE—V 


Figure 95. Maximum-operating-area curves 
Tor the 2N3055 silicon power transistor. 

pulse, the normalized power multi¬ 
plier for the 2N3055, given for a 
case temperature of 25°C, is 3. At 
higher case temperatures, the 
power multiplier M must be linear¬ 
ly derated so that it is reduced to 
zero at the maximum allowable 
junction temperature (200°C) for 
the transistor. The temperature 
derating factor TDF is determined 
as follows: 


Psp = M (TDF) (P max ) (23) 

” '' (’" T, (Lxi-as) 

= 296 watts 

Repetitive-Pulse Operation— 

When a transistor is operated in 
a repetitive pulse mode, the pre¬ 
vious analysis must be modified to 
take into account the rise in case 
temperature caused by the average 
power dissipation. In the following 
example, it is assumed that the 
2N3055 transistor operates in re¬ 
sponse to a train of 1-millisecond 
power pulses at a repetition rate 
of 100 Hz. The calculations are 
based on the same thermal system 
as that specified for steady-state 
and single-pulse calculations. 

For repetitive-pulse operation, 
the average power dissipation P^^g 
in the transistor is determined by 
the following relationship: 

P.vg - Ppk(d) (24) 
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where Pp^ is the peak pulse power 
dissipated in the transistor and d 
is the duty cycle. 

The effective case temperature 
that results from this average dis¬ 
sipation is determined from the 
following expression: 

Tc(eff) = Tamb + Pavg Bj—A 

= To 4- Pavg C (25) 

Substitution of Eq. (24) into Eq. 
(25) yields the following result: 


Tc(eff) = Ta,.b + Ppk(d) 0j_A (26) 

If the effective case temperature 
Tc(eff), as defined by Eq. (26), is 
substituted for the case tempera¬ 
ture To in Eq. (23), the following 
expression is obtained for the 
maximum allowable power dissipa¬ 
tion P,.p for repetitive pulses: 

_ M [Tj(max) — ^ amb] Pma x_ 

Tj(max) - 25 + MdPn^ax Bj-a 

(27) 

On the basis of the definition 
given in the section on Thermal 
Resistance, junction-to-case ther¬ 
mal resistance may be expressed 
by the following equation: 


Bj_c 


Tj(max) — 25 


P 


max 


(28) 


If the relationship expressed by 
Eq. (28) is used, Eq. (27) can be 
simplified to the following form: 


Prp 


= M 


' Tj(max) — Tamb \ 
Bj_c + M d Bj_a/ 


(29) 


For the numerical example con¬ 
sidered, the following values were 
previously assumed: 

d = (1 ms/10 ms) X 100 

= 10 per cent 
Tj(max) = 200°C 

Ta,nb - 50°C 

Bj_c = 1.5°C/watt 

M = 3 

Bj_a = 4.5°C/watt 


When these values are substituted 
in Eq. (27), the maximum allow¬ 
able power dissipation in the 
2N3055 under repetitive pulse con¬ 
ditions is calculated as follows: 


3(200 - 50) 
1.5 4- 3(0.1)4.5 


= 158 watts 


Repetitive pulsing with a 10-per- 
cent duty factor reduces the peak- 
power capability in this case to 
about 50 per cent of the single¬ 
pulse peak-power capability. 

When a transistor is to be sub¬ 
jected to irregularly shaped repeti¬ 
tive pulses, the following proce¬ 
dure may be used to obtain a con¬ 
servative design: 

1. The maximum allowable av¬ 
erage power for the irregular 
pulse is calculated on the ba¬ 
sis of the pulse width Tp, the 
period between the leading 
edges of successive pulses t, 
and the maximum steady- 
state dissipation Pj,s(max), 
as follows: 

Ravg — P3s(max) (Tp/t) (30) 

2. The ratio of peak power to av¬ 
erage power (N = Ppk/Pavg) 
and the average case temper¬ 
ature (T (3 = Pss 4- Tamb) 
are then used to determine 
the effective pulse width 
(Tp' = Tp/N). 

3. The maximum power capa¬ 
bility is then calculated from 
the following equation: 


Tj(max) — Tc(avg) 
Bj-c' 


(31) 


where Oj.c is the effective 
junction-to-case thermal re¬ 
sistance as determined from 
the manufacturer's specifica¬ 
tions for the effective pulse 
width Tp'. 



Silicon Power Transistors 


87 


SECOND BREAKDOWN 

Second breakdown (S/b) is a 
potentially destructive phenome¬ 
non that occurs in all bipolar 
(n-p-n and p-n-p) transistors. 
This phenomenon results when the 
energy absorbed by a transistor 
exceeds a critical level, and causes 
localized hot spots within the 
transistor pellet. The start of sec¬ 
ond breakdown is characterized by 
an abrupt decrease in collector-to- 
emitter voltage with a small dy¬ 
namic resistance in the second- 
breakdown region, as shown in 
Fig. 96. 

Although second breakdown may 
result from several modes of tran¬ 
sistor operation, this phenomenon 
can be broadly categorized into 
two major classes: (1) forward- 
biased emitter-to-base second 
breakdown, which occurs when the 
transistor operates in the active 
region, and (2) reverse-biased 
emitter-to-base second breakdown, 
which occurs during the cutoff 
mode of transistor operation. 

Forward-Bias Second Breakdown 

Fig. 97 shows a cross section of 
a typical silicon diffused-junction 


SPACE-CHARGE 
REGION 


MINORITY-CARRIER 

CONCENTRATION 

^ B 



Figure 97. Cross-section of power transis¬ 
tor under forward-bias conditions. 


power-transistor pellet. When the 
transistor is heavily forward-bi¬ 
ased into the active region, a 
transverse electric field is pro¬ 
duced in the base region, and a 
space-charge layer is formed at 
the base-to-collector junction. As 
current flows from emitter to col¬ 
lector, the transverse field focuses 
the current into a narrow region 
below the emitter edge. When the 
current flows through the space- 
charge layer, a significant amount 
of heat is generated. With the 
current focused into a small area, 
the heating effect is localized in 
this area, and hot spots (circled 
areas in Fig. 97) may be formed 
within the silicon pellet. If un¬ 
checked, these hot spots initiate 
a regenerative cycle of high- 



Figure 96. Transistor collector characteristics. 
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density current which results in 
forward-biased second breakdown 
in the transistor. 

The carrier concentration in the 
pellet and, consequently, the se¬ 
verity of the hot spots are deter¬ 
mined mainly by the magnitude of 
the transverse base field and by 
the applied collector voltage, which 
determines the intensity of the 
electric field across the space- 
charge layer formed at the base- 
to-collector junction. The magni¬ 
tude of the transverse base field 
depends on the width of the tran¬ 
sistor base, the base resistance, 
and the spreading of the space- 
charge layer that results from the 
application of collector voltage. 
The transverse base field increases 
with increases in base current that 
result from higher injection levels 
and reduced current gain at the 
higher injection levels. 

The severity of the hot spots is 
inversely proportional to the width 
of the transistor base and directly 
proportional to the magnitude of 
the applied collector voltage. As a 
result, the current level Ig/y, at 
which second breakdown occurs 
decreases rapidly with an increase 
in applied collector voltage. The 
Is/b capability is also decreased as 
the transistor frequency capability 
is increased (i.e., as the width of 
the base is decreased). Figs. 98 
and 99 show variation in 1^4^ ca¬ 
pability as a function of frequency 
capability Fj. and collector voltage 
VoE, respectively. The curves 
shown in these figures are graphi¬ 
cal representations of the follow¬ 
ing empirical relationships: 

1. Frequency relationship: 

I,/, = K,/Vf; (32) 

2. Voltage relationship: 

Is/b - K 2 /Vce" (33) 



Figure 98. Variation in forward-bias sec¬ 
ond-breakdown energy level as a function 
of transistor frequency capability. 


where and K 2 are constants de¬ 
termined by the device being con¬ 
sidered and n is a constant that 
ranges from 1.5 to 4 depending 
upon the construction of the tran¬ 
sistor (i.e., graded or abrupt junc¬ 
tions) and other factors. 

Eq. (32) suggests that the cir¬ 
cuit designer should select the 
transistor that has the lowest fre¬ 
quency capability, consistent with 
circuit requirements, to achieve 
the maximum resistance to second 
breakdown. Eq. (33) indicates 
that supply voltage should be as 
small as possible and that high- 
voltage transients should be re¬ 
stricted as much as possible to 


IC MAX. 



Figure 99. Variation In forward-bias sec¬ 
ond-breakdown energy level as a function 
of collector voltage. 
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achieve second-breakdown protec¬ 
tion. 

The thermal capacitance of the 
transistor pellet results in a local¬ 
ized thermal time constant that 
restricts instantaneous formation 
of hot spots. As a result, the 1^^/,, 
capability of a transistor is in¬ 
creased when the time duration of 
applied current and voltage is very 
short. Fig. 100 shows the variation 
in Is capability with pulse width. 


VARIOUS PULSE WIDTHS 



Figure 100. Variation in forward-bias sec¬ 
ond-breakdown energy level as a function 
of pulse width. 


Reverse-Bias Second Breakdown 

When current flows through a 
power transistor in which the 
emitter-to-base junction is reverse- 
biased, the direction of the trans¬ 
verse base field is opposite from 
that produced in a forward-biased 
transistor. As a result, the emitter 
current is focused into a small re¬ 
gion at or near the center of the 
emitter. Because the current is 
crowded into a smaller region un¬ 
der reverse-bias conditions, re¬ 
verse-bias second breakdown can 
be encountered at substantially 
lower energy levels than those at 
which forward-bias second break¬ 
down occurs. Fig. 101 shows a 
cross section of a typical power- 
transistor pellet under reverse- 
bias conditions. 


SPACE-CHARGE p 
REGION , 
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CARRIER 
CONCENTRATION 

DIRECTION OF 
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Figure 101. Cross-section of power transis¬ 
tor under reverse-bias conditions. 


The resistance of a transistor to 
reverse-bias second breakdown is 
reduced by any design alteration 
that increases current density or 
prevents spreading of emitter cur¬ 
rent. In power transistors that 
have a narrow base, an accelerat¬ 
ing base field, or insufficient emit¬ 
ter size for their operating cur¬ 
rent, second breakdown generally 
occurs at lower energy levels than 
in transistors without these fac¬ 
tors. 

Reverse-bias second breakdown 
is usually described in terms of 
energy because voltage, current, 
and pulse duration are interde¬ 
pendent when the emitter-to-base 
junction is reverse-biased. The 
transverse base field in the tran¬ 
sistor depends, to a large extent, 
on the turn-off base current and 
turn-off voltage. It is natural, 
therefore, to assume that the en¬ 
ergy level at which second break¬ 
down takes place is a strong func¬ 
tion of the input-circuit turn-off 
voltage Vbp] and the series resist¬ 
ance Rp,j^. Fig. 102 shows the vari¬ 
ation in second-breakdown energy 
level as a function of Vbe 
Ri>,b for a typical power transis¬ 
tor. As shown in this figure, if 
Rbb is increased and Vbe is de¬ 
creased, the turn-off base current 
and the transverse base field are 
both reduced, and the second- 
breakdown energy level is raised. 
Because turn-off time is an in- 
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verse function of base currents, 
the circuit designer must compro¬ 
mise between transistor turn-off 
speed and second-breakdown con¬ 
siderations. 



of Vbe and Rbe. 

Second-Breakdown 
Evaluation Techniques 

Hhe ability of a power transis¬ 
tor to withstand second breakdown 
under either forward or reverse- 
bias conditions can be veri¬ 
fied easily by testing the devices 
to destruction. The establishment 
of meaningful second-breakdown 
limits on power transistors, how¬ 
ever, requires the use of nonde¬ 
structive verification tests. Such 
nondestructive tests are described 
briefly in the following para¬ 
graphs. 

Forward-Bias Ig/,, Test—Fig. 
103 shows the block diagram of a 
typical nondestructive Ig/i, test 
set. In this test set, the transistor 
under test is in series with a pass 
transistor. The transistor under 
test is driven by a differential am¬ 
plifier to provide a preselected 
value of test current at a level in¬ 
dependent of transistor current 


gain. The pass transistor is oper¬ 
ated below saturation so that fast 
turn-off is possible. A second dif¬ 
ferential amplifier senses the volt¬ 
age across the pass transistor and 
a 1-ohm resistor in series with 
this transistor. This voltage is 
maintained at a constant value 
throughout the test to improve the 
accuracy of the Ig/b test voltage. 
The circuit is arranged so that 
only the collector current of the 
transistor under test passes 
through the 1-ohm resistor. The 
voltage across this resistor, there¬ 
fore, is an accurate indication of 
collector current. 

The onset of second breakdown 
is detected by use of the primary 
winding of a pulse transformer 
which is placed in series with the 
collector of the transistor under 
test. During second breakdown, 
the rapid rate of rise of collector 
current induces a voltage L(di/dt) 
in the transformer which is 
coupled to the input circuit of the 
series pass transistor. This voltage 
turns off the series pass transistor 
in one microsecond. The primary 
inductance of the transformer also 
limits the immediate current rise. 
The voltage developed across this 
primary inductance is of a polarity 
that immediately reduces the volt¬ 
age across the transistor under 
test. These characteristics, to¬ 
gether with the protective cut-out 
circuit, prevent transistor deg¬ 
radation during the Ig/b tests. 
The complete cut-out time of the 
actual test set is approximately 
one microsecond, which is suffi¬ 
cient to prevent degradation of 
even the highest-speed power 
transistor available in the indus¬ 
try. The pulse width of voltage 
and current applied to the transis¬ 
tor under test can be varied from 
0.5 millisecond to several seconds. 
For dc Ig/b tests, a pulse width 
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Figure 103. Block diagram of typical Is/b test set. 


of 1 to 2 seconds is required be¬ 
cause the thermal time constant 
of the power transistor pellet and 
mounting block may be several 
tenths of a second. 

Forward-Bias Capacitance-Dis¬ 
charge Test —Fig. 104 shows the 
schematic diagram of a typical 
test circuit used to determine for¬ 
ward-bias second-breakdown en¬ 
ergy level. This test circuit oper¬ 
ates on the principle of a charged 
capacitor that discharges its en- 


R S| 



Figure 104. Capacitive-discharge test cir¬ 
cuit used to determine forward-bias second- 
breakdown energy levels In transistors. 


ergy (E^ = CV(.V2) into a power 
transistor at a constant current 
rate. As long as the initial voltage 
across the capacitor is less than 
the VcEii(sus) rating of the power 
transistor, the collector current of 
the transistor is approximately 
constant; as a result, collector 
voltage decays linearly. The ca¬ 
pacitor is charged by constant 
current V(.(./R to a value V^, at 
which time switch Si is closed. 
A constant current I^, as de¬ 
termined by the combination of 
I^B» then flows 

through the transistor until the 
capacitor is completely discharged. 
If the drop across Rj. is neglected, 
the energy absorbed by the tran¬ 
sistor is given by the following 
equation: 

Ec = C VcV2 (34) 

Current and voltage waveforms of 
the 2N3442 silicon power tran¬ 
sistor tested in the capacitance 
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discharge test set are shown in 
Fig. 105. 


C=6000>jF 



Figure 105. Test waveforms for a 2N3442 
transistor subjected to capacitive-discharge 
second-breakdown energy test. 


The capacitance discharge test 
is useful because it closely ap¬ 
proximates actual circuit condi¬ 
tions, such as series-regulator load 
shorting, inverter and audio-am¬ 
plifier initial turn-on, and other 
effects in capacitive-loaded cir¬ 
cuits. 

Reverse-Bias Eg/i, Test—One 
practical way to measure reverse- 
bias second-breakdown energy 
levels in a power transistor is 
by use of a series inductive out¬ 
put circuit. If current is passed 
through the inductance while the 
transistor under test is operated 
in the saturation region and a re¬ 
verse bias is then abruptly ap¬ 
plied to the transistor, a voltage 
is induced across the series induc¬ 
tance. This induced voltage rises 
to the transistor reverse sustain¬ 
ing breakdown voltage Voex(sus) 


provided that the following limi¬ 
tation is imposed on transistor 
turn-off time: 

toff « L Ic(max)/VcEX (sus) (35) 
The energy that the transistor 
absorbs during the Eg/^ test can 
be determined from the following 
equation: 

^ L Ic(max)2 

Es/b ^ 

r VcEX (sus) 1 
LVcex(sus) - VccJ ^ ^ 

Voltage and current waveforms 
for a 2N3442 silicon power tran¬ 
sistor subjected to the Eg/^ test 
are shown in Fig. 106. 




Siool- 


50h 


Vcc= 26 V 
L = IOmH 


Vce(SAT) 



Figure 106. Test waveforms for a 2N3442 
transistor subjected to Es/b inductive en¬ 
ergy test. 
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Fig. 107 shows a block diagram 
of a test circuit used for nonde¬ 
structive Eg/i 3 evaluations. The 
main feature of this test circuit 
is the unique second-breakdown 
detection technique. This circuit 
provides the rapid second-break¬ 
down detection necessary to pre¬ 
vent damage to the transistor by 
an immediate sensing of a large- 
amplitude rf noise voltage de¬ 
veloped at the base of the tran¬ 
sistor under test at the onset of 
second breakdown. 


Basically, the test circuit turns 
on the transistor under test and 
causes it to operate into a vari¬ 
able series inductance from a con¬ 
stant-current supply. When the 
input drive is removed, a reverse 
bias, provided by Vre 
is applied to the base of the tran¬ 
sistor under test. The energy 
stored in the series inductance 
and the constant-current supply 
is then absorbed by the transis¬ 
tor. If this energy is sufficient to 
drive the transistor into reverse- 



Figure 107. Block diagram of Es/b test set. 
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bias second breakdown, the detec¬ 
tor triggers a protective clamp 
circuit in shunt with the transis¬ 
tor under test. The reaction time 
of the test circuit is in the order 
of only a few hundred nano¬ 
seconds. 

Reverse-Bias Capacitance-Dis¬ 
charge Test—The reverse-bias 
capacitance-discharge test is simi¬ 
lar to the forward-bias capaci¬ 
tance-discharge test described pre¬ 
viously, except that the capacitor 
is charged to a value greater than 
the reverse sustaining breakdown 
voltage of the transistor under 
test. The base of the transistor 
is reverse-biased, as shown in Fig. 
108. 



Figure 108. Capacitive-discharge test cir¬ 
cuit used to determine reverse-bias second- 
breakdown energy levels in transistors. 


The value of the series resist¬ 
ance is adjusted so that the cur¬ 
rent through the transistor is 
limited to a value below the maxi¬ 
mum collector-current rating. The 
energy absorbed by the transistor 
in this reverse-biased condition 
when switch Si is moved from 
position 1 to position 2 is given 
by the following equations: 

Ecg/b=y^ (Vcex/R) (Vcc-"Vcex) 
g-t/RCdt (37) 

= C [VcEx(sus) Vcc 

VcEx(sus)^] (38) 

These equations assume that the 
VcEx(s^s) breakdown value of the 
transistor does not change with 


current. Variations in Vcex(sus) 
with collector current usually do 
not exceed 10 per cent in most 
power transistors. 

SAFE-AREA RATINGS 

Safe-area ratings are given for 
power transistors so that the cir¬ 
cuit designer can select the proper 
type for his application and can 
determine the best trade-offs be¬ 
tween desired circuit performance 
and the actual capabilities of the 
device. These ratings must in¬ 
clude forward-bias second-break¬ 
down ratings for both dc and 
pulsed operation, reverse-bias 
second-breakdown ratings for both 
inductive and capacitive loads, and 
thermal ratings for both steady- 
state and transient conditions. 
Thermal ratings and forward-bias 
second-breakdown ratings can be 
readily combined into a single 
rating system. A separate rating 
system is necessary, however, for 
reverse-bias conditions. 

Forward-Bias 
Safe-Area Ratings 

Forward-bias safe-area ratings 
are displayed on a voltage-current 
chart which shows rating curves 
for dc operation and for pulsed 
operation of various time dura¬ 
tions. Eq. (34) in the section on 
Second Breakdown defines the 
forward-bias second-breakdown 
energy level in a power tran¬ 
sistor. On a log-log graph of 
the voltage-current curves, the 
locus of this equation results in 
a linear derating curve that has 
a slope equal to the junction con¬ 
stant n. If the safe operating area 
of a power transistor is limited 
within any portion of the voltage- 
current characteristics by thermal 
factors (thermal impedance, maxi¬ 
mum junction temperature, or op¬ 
erating case temperature), this 
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limiting is defined by a constant- 
power hyperbola (I = KV~"^) 
which can be represented on the 
log-log voltage-current curve by 
a straight line that has a slope 
of —1. 

As pointed out in the section on 
Second Breakdown, the energy 
level at which second breakdown 
occurs in a power transistor in¬ 
creases as the time duration of 
the applied voltage and current 
decreases. The power-handling 
capability of the transistor also in¬ 
creases with a decrease in pulse 
duration because the thermal mass 
of the power-transistor chip and 
associated mounting parts imparts 
an inherent thermal delay to a 
rise in junction temperature. Fig. 
109 shows a curve of normalized 
thermal resistance Nj. as a func¬ 
tion of the time duration of ap¬ 
plied power for the RCA-2N3442 
silicon power transistor. The two 
horizontal regions of the curve 



Figure 109. Normalized thermal resistance 
as a function of the duration of applied 
power for the 2N3442 silicon power tran¬ 
sistor. 

show that the 2N3442, as is typi¬ 
cal of most power transistors, has 
two major thermal time constants. 
The shorter time constant results 
from the thermal resistance and 
capacitance of the silicon chip and 
its interface with the transistor 
case. The longer time constant is 


caused by the thermal impedances 
of the case header and the internal 
case parts, such as copper, molyb¬ 
denum blocks, and beryllia. 

For a given case temperature 
T(^, maximum junction tempera¬ 
ture Tj (max), and junction-to-case 
thermal-resistance rating Oj_c^ 
together with the value deter¬ 
mined for the normalized thermal 
impedance N^, the following 
equation can be used to calculate 
maximum power dissipation as a 
function of the duration of an 
applied pulse of power: 


Pdi, 


Tj(max) — Tc 
0j_c(Nr) 


(39) 


The absence of a Vce term from 
the equation for power dissipation 
under pulsed conditions indicates 
that this equation also defines a 
constant-power curve which can 
be represented on a log-log volt¬ 
age-current curve by a straight 
line that has a slope of —1. 

Fig. 110 shows a forward-bias 
safe-area rating chart for a typi¬ 
cal high-speed silicon power tran¬ 
sistor, RCA-2N3585, which has a 
gain-bandwidth product f^ in the 



Figure 110. Safe-area rating chart for the 
2N3585 silicon power transistor. 
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order of 20 MHz. Fig. Ill shows 
a similar rating chart for a lower- 
frequency silicon power transis¬ 
tor, RCA-2N3442, for which the 
f^ is typically 1 MHz. The bound¬ 
aries defined by the curves in the 
safe-area charts indicate, for both 



Figure 111. Safe-area rating chart for the 
2N3442 silicon power transistor. 

continuous-wave and nonrepeti- 
tive-pulse operation, the maximum 
current ratings, the maximum 
collector-to-emitter forward-bias 
avalanche breakdown-voltage rat¬ 
ing [VaM = 1, which is usually 
approximated by Vceo(sus)], and 
the thermal and second-breakdown 
ratings of the transistors. 

As shown in Fig. 110, the 
thermal (dissipation) limiting of 
the 2N3585 ceases when the col¬ 
lector-to-emitter voltage rises 
above 100 volts during dc opera¬ 
tion. Beyond this point, the safe 
operating area of the transistor 
is limited by the second-breakdown 
ratings. During pulsed operation, 
the thermal limiting extends to 
higher values of collector-to- 
emitter voltage before the second- 
breakdown region is reached, and 
as the pulse duration decreases, 


the thermal-limited region in¬ 
creases. A comparison of Figs. 
110 and 111 shows that the sec¬ 
ond-breakdown ratings of the 
2N3442 are substantially higher 
than those of the 2N3585, as can 
be predicted from Eq. (32) on the 
basis of the lower fT for the 
2N3442. 

If a transistor is to be operated 
at a pulse duration that differs 
from those shown on the safe-area 
chart, the boundaries provided by 
the safe-area curve for the next 
higher pulse duration must be 
used, or the transistor manufac¬ 
turer should be consulted. More¬ 
over, as indicated in Figs. 110 
and 111, safe-area ratings are 
normally given for single non- 
repetitive pulse operation at a 
case temperature of 25°C and must 
be derated for operation at higher 
case temperatures and under re¬ 
petitive-pulse or continuous-wave 
conditions. 

Fig. 112 shows temperature de¬ 
rating for the 2N3585 safe-area 
chart of Fig. 110. These curves 
show that thermal ratings are af¬ 
fected far more by increases in 



Figure 112. Safe-area temperature-derating 
curves for the 2N3585 silicon power tran¬ 
sistor. 

case temperature than are second- 
breakdown ratings. The ther¬ 
mal (dissipation-limited) derating 
curve is a graphic representation 
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of Eq. (22) for the temperature 
derating factor given in the sec¬ 
tion on Thermal Considerations. 
This curve, as expected, decreases 
linearly to zero at the maximum 
junction temperature of the tran¬ 
sistor [Tj(max) = 200°C]. The 
second-breakdown (I^/,-limited) 
temperature derating curve, how¬ 
ever, is less severe because forma¬ 
tion of the high current con¬ 
centrations that cause second 
breakdown is less likely as the 
temperature increases. 

Because the thermal and second- 
breakdown deratings are different, 
it may be necessary to use both 
curves to determine the proper 
derating factor for a voltage-cur¬ 
rent point that occurs near the 
breakpoint of the thermal-limited 
and second-breakdown-limited re¬ 
gions on the safe-area curve. For 
this condition, a derating factor is 
read from each derating curve. 
For one of the readings, however, 
either the thermal-limited section 
of the safe-area curve must be 
extrapolated upward in voltage or 
the second-breakdown-limited sec¬ 
tion must be extrapolated down¬ 
ward in voltage, depending upon 
which side of the voltage break¬ 
point the voltage-current point is 
located. The smaller of the collec¬ 
tor-current values obtained from 
the thermal and second-breakdown 
deratings must be used as the safe 
rating. 

The procedure used to derate 
a voltage-current point under 
repetitive-pulse or continuous- 
wave operation was described 
previously in the section on 
Thermal Considerations. Basi¬ 
cally, this derating requires the 
use of an artificially calculated 
case temperature = T^^ -f- 

Pavy) with the single-pulse 
safe-area ratings and the tempera¬ 


ture derating curves. This calcu¬ 
lated case temperature accounts 
for the rise in the operating case 
temperature that results from 
the transistor thermal resistance 
and the average power of 
the periodic waveform. The value 
obtained for Te(off) is used as the 
case-temperature value on the 
temperature derating chart to ob¬ 
tain the repetitive-pulse derating 
factor for the safe-area curves. 

The preceding discussion cov¬ 
ers nonrepetitive and repeti¬ 
tive rectangular-pulse operation 
only. The following steps must 
be used to resolve all other 
voltage-current waveforms into 
equivalent rectangular pulses be¬ 
fore the derating procedure de¬ 
scribed can be used: 

1. Plot the actual voltage-cur- 
rent load line on the appro¬ 
priate transistor safe-area 
chart. 

2. Select the voltage-current 
point on the load line that 
makes the greatest excursion 
into the safe-area region. 

3. Estimate the total energy 
content of the actual voltage- 
current waveform. This 
value can be most easily esti¬ 
mated by graphical integra¬ 
tion of the waveforms. 

4. Determine an effective pulse 
duration t„(eff) by dividing 
the total energy in the wave¬ 
forms by the voltage-current 
product at the point selected 
in Step 2. 

The voltage, current, and effec¬ 
tive pulse duration computed 
above define a rectangular pulse 
equivalent to the actual wave¬ 
forms. 

Safe-Area Design Analysis 

Two examples of the use of the 
forward-bias safe-area system 
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just developed are given below. 
The first example requires the 
analysis of a typical power in¬ 
verter under initial turn-on con¬ 
ditions ; the second example 
applies to the analysis of a direct- 
coupled audio power amplifier 
operating at low frequency into 
an '‘inductive speaker” load. 

Example 1: Inverter Initial 
Turn-On Analysis—A typical 
high-speed, high-voltage, 100- 
watt, two-transformer inverter is 
shown in Fig. 113. Fig. 114 shows 
the collector voltage, collector 
current, and peak power of the 
inverter as functions of time for 
the initial turn-on condition when 
the output capacitor Co is un¬ 
charged. It is assumed that a cir¬ 
cuit designer wants to determine 
the ability of the 2N3585 to oper¬ 
ate safely in the circuit and, if 
safe operation is shown to be 
feasible, the maximum permis¬ 
sible case temperature. 

The analysis begins with the 
plotting of the resistive load line 
on the 2N3585 safe-area curve. 



(a) 




(c) 


Figure 114. Waveforms for inverter circuit 
shown in Fig. 113. 


10 K 



Figure 113. High-speed inverter using RCA 2N3585 transistors. 
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as shown in Fig. 115. Because the 
circuit being analyzed is a 
switching circuit, each pulse has 
a different load line associated 





Figure 115. Inverter turn-on load line on 
2N3585 safe-area curve. 

with it. Initially, the pulses fol¬ 
low a highly capacitive load line, 
but become more resistive as the 
output capacitor charges. This 
change of pulse character pre¬ 
sents no problem in this analysis 
because it is being performed for 
initial turn-on only. For this rea¬ 
son, the designer need only plot 
the turn-on load line of the first 
pulse and the locus of peak volt¬ 
age and current of the remaining 
pulses, as shown in Fig. 115. 
Point A (VcE = 120 volts and 
lo = 1.2 amperes) is the point of 
greatest excursion of the locus of 
peak voltage and current into the 
safe-area region. 

The total energy required dur¬ 
ing turn-on is determined by 
graphical integration, shown in 
Fig. 114(c). The result of the in¬ 
tegration indicates that the energy 
required during the 0.4-millisecond 
turn-on is approximately 20 milli- 
joules. The peak power at point A 
(the product of the voltage and 
current coordinates at that point) 
is 140 watts, and the effective pulse 


duration t,,(eff) is 20 millijoules 
divided by 140 watts, or 0.14 milli¬ 
second. Because it is assumed that 
the initial circuit turn-on is a 
nonrepetitive-pulse operation in 
this example, the 120-volt, 1.2- 
ampere, 0.14-millisecond, non- 
repetitive equivalent rectangular 
pulse can be applied directly to 
the safe-area curve of Fig. 115. 
The result is the definition of 
point B (V(.r. = 120 volts, Iq = 
3.4 amperes), the equivalent 
safe-area nonrepetitive peak pulse 
for t = 0.14 millisecond. The posi¬ 
tion of point B indicates that the 
transistor will operate safely in 
the inverter at a case tempera¬ 
ture of 25°C. 

For determination of the maxi¬ 
mum case temperature at which 
the 2N3585 will continue to per¬ 
form satisfactorily, the tempera¬ 
ture-derating factor must be 
calculated. This factor, the ratio 
of collector current at point A to 
collector current at point B, is 
1.2/3.4 = 0.35, or 35 per cent. Be¬ 
cause point A is in the dissipa¬ 
tion portion of the safe-area 
rating curve, the dissipation- 
limited curve in Fig. 112 is used 
to find the maximum case tempera¬ 
ture. For a 35-per-cent derating 
factor, this temperature is found 
to be 130°C. Thus, it is possible 
to turn on this inverter safely at 
case temperatures up to 130°C. 

If the circuit is to be keyed on 
and off at some set repetition 
rate, a repetitive analysis which 
takes into account the effective 
case temperature Tc(eff) must be 
performed and a new and lower 
value of maximum case tempera¬ 
ture must be determined. 

Example 2: Analysis of a Di¬ 
rect-Coupled Audio Power Am¬ 
plifier at Low Frequency— 
A quasi-complerre^tary 70-watt 
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NOTE I'RESISTORS ARE 1/2-W TYPES UNLESS OTHERWISE SPECIFIED. 

NOTE2iSET BIAS FOR 20mA QUIESCENT CURRENT (MEASURED AT J WITHOUT LOAD). 
NOTE3:THERMALLY CONNECTED TO HEAT SINK FOR OUTPUT TRANSISTORS. 

N0TE4'ZENER DIODE-1NI5I9. 


Figure 116. 70-watt, silicon-transistor audio amplifier. 


power amplifier is shown in Fig. 
116. This amplifier is terminated 
in a resistance-inductance series 
load circuit in which the induct¬ 
ance is 40 millihenries and resist¬ 
ance is 1 ohm, to simulate a worst- 
case speaker impedance. The 
amplifier is driven at 20 Hz. Volt¬ 
age, current, and power waveforms 
as functions of time are shown in 
Fig. 117. 

It is assumed that the circuit 
designer wants to determine the 
ability of the RCA-40411 output 
transistor to operate safely in the 
circuit with the frequency and 
load specified and with a maxi¬ 
mum case temperature of 70°C. 
The circuit designer may also 


want to analyze the circuit at 
other load and frequency condi¬ 
tions. The safe-area curve for the 
40411 (a 15-ampere silicon power 
transistor) and the load line for a 
single cycle are given in Fig. 118. 
Point A (VcE = 55 volts, Ic = 4.1 
amperes, P = 225 watts) repre¬ 
sents the point of maximum ex¬ 
cursion of the load line into the 
safe-area region. Graphical inte¬ 
gration of Fig. 117 (c) yields an 
equivalent energy of 2.1 joules. 
When the equivalent energy is di¬ 
vided by the power at point A, the 
effective pulse duration is found 
to be 9.3 milliseconds. Thus, a rec¬ 
tangular pulse of 55 volts, 4.1 am¬ 
peres and 9.3 milliseconds duration 
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is equivalent to the actual circuit 
waveforms. Point B (Vce = 55 
volts, Ic = 8.2 amperes) is the safe- 
area value for this single, non- 
repetitive equivalent pulse at a 
case temperature of 25°C. Derat¬ 
ing to obtain the safe-area point 
for higher case temperature as 
well as for repetitive-pulse condi¬ 
tions must then be performed. 
Because there is a continuous 
20-Hz sine-wave input with a 
period of 50 milliseconds to the 
amplifier, the duty cycle of this 
equivalent pulse is 9.3 millisec¬ 
onds divided by 50 milliseconds, 
or 18.6 per cent. The average 





Figure 117. Audio power-amplifier wave¬ 
forms. 


power calculated by dividing the 
energy per pulse (2.1 joules) by 
the total period (50 milliseconds) 
is 42 watts. When these values 
are substituted in Eq. (25), the 
effective case temperature is 
computed as follows: 

T,(eff) = 70°C 4- 42 W (1.1) 
= 70°C +46“C = 116°C 

where 1.1 °C per watt is the junc- 
tion-to-case thermal resistance 
(6,j.c) for the 40411. 

The temperature d e r a t i n g 
curves for the 40411 are given in 
Fig. 119. Because point B falls 
within the second-breakdown- 
limited section of the safe-area 
curve, the derating factor is read 
from the Ig/i^-limited curve of Fig. 
119. For a Tc(eff) of 116‘’C, the 
derating factor is 75 per cent. 
When the current is derated at 
point B, point C (Voe — 55 volts, 
lo = 6.2 amperes) is obtained. If 
second-breakdown limitation were 
the only consideration in deter¬ 
mining the ability of the 40411 to 
operate satisfactorily in the cir¬ 
cuit, the location of point C would 
indicate that under the specified 
conditions the transistor would 
perform as desired. However, be¬ 
cause the load line in Fig. 118 also 
comes close to the dissipation- 
limiting curve at point A' (Vce 
= 45 volts, Ic = 5.4 amperes), it 
is necessary to consider transis¬ 
tor dissipation limitations. Point 
B' (Vce = 45 volts, Ic = 12.5 am¬ 
peres) is the single-pulse 25°C 
case-temperature equivalent. If the 
value of 116°C is used for effective 
case temperature, as determined 
earlier, a temperature-derating 
factor of 50 per cent is read from 
the dissipation-limited curve of 
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Figure 118. Safe-area rating chart for an RCA 40411 transistor. 


Fig. 119. This factor yields a point 
C' (VcE = 45 volts, Ic = 6.3 am¬ 
peres) which is above the point 
A' that represents expected circuit 
operating limits. This result indi¬ 
cates that dissipation limitations 
will not adversely affect transistor 
performance in the circuit. The 
greater distance between points 



0 50 100 150 200 

EFFECTIVE CASE TEMPERATURE OR 
CASE TEMPERATURE (Teff OR Tc)—”C 


Figure 119. Temperature derating for the 
RCA 40411 transistor. 


A and C than between points A' 
and C' in Fig. 118 indicates that 
there is a greater margin of safety 
in the second-breakdown region 
than in the dissipation region. 

Reverse-Bias Safe-Area Ratings 

Power transistors are required 
to absorb energy under reverse- 
bias conditions in a wide variety 
of switching circuits including 
solenoid drivers, power inverters, 
switching regulators, magnetic 
deflection circuits, transformer- 
coupled power amplifiers, and 
motor and lighting controls. A 
characteristic of these circuits is 
the presence of series inductance 
such as transformer leakage in¬ 
ductance in inverters and power 
amplifiers, solenoid inductance, 
motor armature and field induc¬ 
tance, and regulator low-pass 
filter inductance. The best means 
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for determining the reverse-bias 
safe-operation rating for these 
circuits makes use of a series 
inductance L (without diode 
clamp), a turn-off circuit of 
series resistance Rre) ^ series 
voltage Vee- If transistor 

under test is driven into satura¬ 
tion with a collector current of 
I(.(peak) and the forward base 
drive is abruptly removed, the 
test transistor turns off through 
the turn-off circuit and absorbs 
an amount of energy equal to the 
second-breakdown energy Eg/,, 
given by Eq. (36). 

As explained earlier, the sec¬ 
ond-breakdown energy is a func¬ 
tion of Rije> Vbe> series 

inductance. Therefore, because it 
is possible to resolve all of the 
circuits- mentioned above into a 
simple series-inductive switch 
with a turn-off series resistance 
of Ree and a base-to-emitter volt¬ 
age of Vee) it follows that the 
development of a set of curves 
defining a minimum energy rat¬ 
ing as a function of L, Ree> and 
Vee for this representative cir¬ 
cuit will provide an adequate 
basis for determining the reverse- 
bias safe-operation rating of any 
of the more specialized circuits 
represented. 

A set of curves used to define 
reverse-bias safe operation for 
the 2N3585 is given in Fig. 120. 
These curves, expressed in terms 
of peak current I,,,,, can be read¬ 
ily converted to energy E through 
the use of the following rela¬ 
tionship : 

E = 3^^ Llpk^ (40) 
The temperature-derating factor 
for the reverse-bias condition is 
determined in the same manner 
as that for the forward-bias sec¬ 
ond-breakdown condition. That 
is, the Ig/,,-limited portion of the 
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Figure 120. Reverse-bias energy of the 
RCA 2N3585 transistor. 


derating curve in Fig. 112 is used. 

The use of the reverse-bias sec¬ 
ond-breakdown rating curves of 
Fig. 120 is illustrated below by 
analysis of the inverter circuit 
shown in Fig. 113. The analysis 
assumes that the inverter is in 
the turn-off condition. 


Analysis of the Inverter in 
the Turn-Off Condition 


The leakage inductance in the 
primary of the output trans- 
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former in the inverter shown in 
Fig. 113 was measured and found 
to be 5 microhenries. However, in 
order that the analysis represent 
the worst case, the maximum 
transformer leakage inductance 
was estimated at 100 microhenries. 
For use of the rating curves, an 
effective value of series induc¬ 
tance Leff, an equivalent input 
series resistance Rbe» a-nd a turn¬ 
off voltage Vbe niust also be de¬ 
termined. 

Because the inverter operates 
from a constant voltage, the turn¬ 
off or second-breakdown energy 
Eg/b is given by Eq. (36). How¬ 
ever, the rating curves in Fig. 
120 are based on measurements 
made in the Eg4, test set with 
constant current drive, and on re¬ 
sults calculated by use of Eq. 
(40). Therefore, an effective 
series inductance for the circuit 
is obtained by setting Eq. (36) 
equal to Eq. (40) and solving in 
terms of the inductance L or, in 
this case, Lgff. 

L.„ ^lT—(41) 
LVcex(sus) - VccJ 

Eq. (41) is valid for all circuits 
that operate from a constant 
supply voltage. For the inverter 
circuit of Fig. 113, L = 10 
microhenries, = 240 volts, 

and V(.Ex = 400 volts (from 
2N3585 published data). The 
value of 240 volts for the con¬ 
stant voltage is composed 

of the sum of the supply voltage 
and the voltage induced across 
the primary of the transformer 
as one of the transistors in the 
circuit is turning off. When 
these values are substituted in 
Eq. (41), the computed effective 
series inductance is found to be 
25 microhenries. Rbb is calcu¬ 
lated at approximately 0.5 ohm. 


the equivalent series resistance 
of the diode in shunt with the 
3.4-ohm resistor ; v„K is mea¬ 
sured at approximately 5 volts. 

A set of rating curves for the 
2N3585 is shown in Fig. 120. In 
the circuit used to obtain the 
curves, Rbe = 20 ohms, L = 100 
microhenries, and Vbe = “4 volts. 
The minimum peak current for 
these values of Vbe and Rbe is 
given in Figs. 120(a) and 120(b) 
as 2 amperes. 

To permit the application of the 
curves of Fig. 120 to the Rbe and 
Vbe nf the inverter circuit, trans¬ 
lation ratios must be calculated 
from the slope of the curves in 
Figs. 120(a) and 120(b). 

For Rbe, the translation ratio 
is determined from the value of 
minimum peak current at an Rbe 
of 0.5 ohm divided by the value 
of minimum peak current at 20 
ohms; both values are taken from 
Fig. 120(a). The result is as fol¬ 
lows: 

Rbe (trans) = 0.35 

For Vbe, the translation ratio 
is determined from the value of 
minimum peak current at a Vbe 
of —5 volts divided by the value of 
minimum peak current at —4 volts; 
both values are taken from Fig. 
120(b). This ratio is given by 

Vbe (trans) = ^ = 0.75 

The minimum peak current for 
the series inductance of 25 micro¬ 
henries is determined from Fig. 
120 (c) as 3.4 amperes. The equiva¬ 
lent minimum peak current for the 
inverter circuit is obtained by 
translating this value as follows: 

Ipt = (3.4A) (0.35) (0.75) 

= 0.89 amperes 
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This peak current can then be 
converted to the second-break¬ 
down energy of the inverter cir¬ 
cuit, as follows: 

= 3^ LIp2 = (1./) (25 „H) 

(0.89) " = 10 microjoules 

These values of and Eg/i, 
are calculated safe-operation- 
area ratings. The actual peak 
current necessary for inverter 
turn-off is 0.8 ampere. For this 
current, the turn-off or second- 
breakdown energy is given by 

E S/l) = 3^^ Leff Ipk“ 

= (3^) (25 .H) (0.8)^ 

= 8 micro joules 

The average-power contribution 
to this turn-off energy is deter¬ 
mined by dividing the energy by 
the pulse period, as follows: 

Pavg = 8 uJ/40 uS = 0.2 W. 

Substitution of this value in Eq. 
7 yields 

T c (off) = T c + Pavg Oj/c = 

Tc + (0.2) (5°C/W) = Te + 1°C 

where 5°C per watt is the junction- 
to-case thermal resistance for the 
2N3585. 

The final problem is to deter¬ 
mine the maximum case tempera¬ 
ture at which the inverter can 
safely turn off on a continuous 
basis. The temperature derating 
factor is calculated by dividing 
the actual peak current Ipk(act) 
by the maximum safe-area opera¬ 
tion value of Ipk (S.A.), as follows: 


Ipk(act) _ 0.8 

Ipk(S.A.) " oT^ 


0.9, or 90% 


From Fig. 112, the temperature¬ 
derating curve for the transistor 
of interest, a 90-per-cent derating 
factor indicates a T(^ (max) of 60°C 


on the -limiting curve. Thus 
the inverter can be safely turned 
off at a case temperature of 60°C 
-1°C = 59°C. 

As a final check, the actual 
total energy absorbed by the cir¬ 
cuit under reverse-bias condi¬ 
tions should be compared with 
the locus of peak pulse power 
(derated to the 59°C case temper¬ 
ature and expressed in terms of 
energy) on the forward-bias safe- 
area chart. If the total energy 
absorbed exceeds the forward- 
bias energy, additional derating 
on a thermal basis should be per¬ 
formed. 

SMALL-SIGNAL ANALYSIS OF 
POWER TRANSISTORS IN 
LINEAR SERVICE 

Silicon power transistors may 
be used for a wide variety of cir¬ 
cuit applications in which the out¬ 
put signal is proportional to an 
applied input signal. Such appli¬ 
cations are lumped into a broad 
category referred to as linear 
service. In most linear-service ap¬ 
plications, the terminal voltage 
and current of a transistor are 
small compared to the levels of 
voltage and current established by 
dc bias conditions. In this mode 
of operation, the transistor can 
be conveniently analyzed by means 
of a small-signal equivalent cir¬ 
cuit. 

Small-Signal Equivalent Circuits 

In a small-signal ac analysis, a 
transistor can be represented as 
a three-terminal linear network. 
From elementary circuit theory, 
it is known that a three-terminal 
linear network may be considered 
as a linear two-port configuration, 
as shown in Fig. 121. The terminal 
parameters for the two-port net- 
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work are defined by six sets of 
equations which differ only in the 


12 



Figure 121. Linear two-port network. 

parameters that are selected as 
dependent variables. Three sets 
of these equations have found 
some historical use in the analysis 
of transistors in common-emitter 
circuit configurations. These three 
sets of equations are listed below 
for both the general two-port net¬ 
work and a transistor used in a 
common-emitter (CE) circuit con¬ 
figuration : 


1. z-parameter equations: 


General 

Vi = ziili -f- Z 12 T 2 

(42) 

CE 

Vi == Zieii “b Zreio 

(43) 

General 

V 2 = Z 21 I 1 + Z 22 I 2 

(44) 

CE 

0 

0 

+ 

11 

0 

> 

(45) 

2. y-parameter equations: 


General 

Ii = yiiVi + yi2V2 

(46) 

CE 

ii = yieVi + yreVo 

(47) 

General 

I 2 — y2iVi -f y22V2 

(48) 

CE 

io ~ yfeVi -f" yoeVo 

(49) 

3. h-parameter equations: 


General 

Vi — hull -f- hi2V2 

(50) 

CE 

Vi = hieii “h hreVo 

(51) 

General 

I 2 = h2lli + h22V2 

(52) 

CE 

io = hfeii "b hoeVo 

(53) 


In the double-subscript notation 
used in the common-emitter equa¬ 
tions, the first subscript denotes 
the parameter function within the 
equivalent circuit (i.e., '‘i’’ denotes 
input, ''o’' denotes output, "f” de¬ 
notes forward from input to out¬ 
put, and "r” denotes reverse from 
output to input), and the second 
subscript denotes the terminal 


common to both the input and out¬ 
put loops for the transistor con¬ 
figuration being employed. The 
equations shown are for the com¬ 
mon-emitter transistor configura¬ 
tion; equivalent equations, how¬ 
ever, can be written for the 
common-base and common-collec¬ 
tor configurations. 

The y terms defined by the equa¬ 
tions are short-circuit admittance 
parameters, the z terms are open- 
circuit impedance parameters, 
and the h terms are the hybrid- 
circuit parameters, which may be 
defined as follows: 

short-circuit input impedance 

u _ Vi 
hie — ■; 

li Vo=0 (54) 

short-circuit forward-current 
transfer ratio 



Vo=0 


(55) 


open-circuit reverse-voltage 
transfer ratio 


h. = 


ii=0 


(56) 


open-circuit output conductance 
ho 


lo_ 

Vo 


ii=0 


(57) 


The equivalent circuit for these 
equations is shown in Fig. 122. 

The techniques used to measure 
small-signal z, y, and h parameters 
are more or less implicit in their 
definitions. In general, the param¬ 
eters most commonly measured 



Figure 122. h-parameter equivalent circuit 
for a transistor used in a common-emitter 
configuration. 
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are the short-circuit admittance 
parameters. 

The z, y, and h parameters are 
in general complex quantities and, 
therefore, are frequency-depend¬ 
ent. At frequencies above about 
100 MHz, these parameters are 
extremely difficult to measure be¬ 
cause it is hard to produce true 
open-circuit or short-circuit con¬ 
ditions. For this reason, another 
set of parameters, known as the 
“S’’ or scattering parameters, is 
used to derive an alternative model 
for transistors which can be em¬ 
ployed for high-frequency design. 
The following equations define 
“S” parameters on the basis of 
the signal-flow diagram of the 
transistor shown in Fig. 123: 


Erl = SiiEii + Si2Ei2 (58) 

Er2 = S2lEii + S22Ei2 (59) 



w ■ 1 
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Figure 123. Scattering parameters for 
linear two-port network. 

If Eqs. (58) and (59) are 
solved for the scattering parame¬ 
ters, the following results are ob¬ 
tained : 

voltage-reflection coefficient at 
port 1 with port 2 terminated 
in a matched load 


forward-transmission voltage 
ratio with port 2 terminated 
in a matched load 


E, 

E: 


Ei2—0 


(62) 


voltage-reflection coefficient at 
port 2 with port 1 terminated 
in a matched load 



Eii=0 


(63) 


It should be noted that the scatter¬ 
ing parameters are complex num¬ 
bers that have both magnitude 
and phase. The chief advantage of 
the scattering parameters is that 
they are measured under matched- 
termination conditions which are 
easier to obtain than a true open 
or short circuit. 

It sometimes becomes conve¬ 
nient or necessary to convert one 
type of network parameter to an¬ 
other. This conversion is readily 
achieved if any pair of the param¬ 
eter equations is solved for a dif¬ 
ferent independent variable, and 
the variables are then equated. 
The results of such an analysis 
are shown in Table VI. 

When the transistor is con¬ 
nected in a practical circuit, such 
as that shown in Fig. 124, the 



Ei2=0 


(60) 


reverse-transmission voltage 
ratio with port 1 terminated 
in a matched load 



Wjhfe > hoe ^ 


Vo 


E 

E, 


Eii=0 


(611 


Figure 124. Terminated h-parameter equiv¬ 
alent circuit for a transistor used in a 
common-emitter configuration. 
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source and load impedances affect h-parameter equations, as follows: 
the terminal properties of the net- 


work. This effect can best 
shown by calculation of the 
work input impedance from 

be 

net- 

the 

Vi = hioii + hreVo ( 51 ) 

Jo ' hfeli “ 1 “ hogVo ( 53 ) 



Table VI — Parameter Equivalencies 
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Az+zii+Z22+1 Az+zii+Z 22+1 l+yn+y22+Ay 

~2yi2 j^ Ah+hii~h22--l 2hi2 

l+yii+y22+Ay Ah+hii+h22+l Ah+hii+h22+l 

jj (l+yii)(l'~~y 22 )“~"yi 2 y 2 i J_ h 2 i ^ — Ah+hn-—h22+l 

l+yii+y22+Ay Ah+hii+h22+l Ah+hii+h22+l 


Az ~ Zll Z 2 ^ — Zl 2 Z 2 I 
= yii y22 — yi2 y2i 


Ah *= hii 1 x 22 — hi 2 h 2 i 
AS = Sii S22 - S12 S21 
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For the terminated network shown 
in Fig. 124, may be expressed 
by the following relationship: 


Vo == —ioZL = —io/yn 

(64) 

Eq. (53) then becomes 

io = hfoii + hoe (—io/3^L) 

(65) 

or 


; _ hfe(yL)ii 

yL H- hoe 

(66) 


Substitution of Eq. (64) in Eq. 
(51) yields the following result: 

Vi = (hi, + ii (67) 

\ YL + hoe/ 

If both sides of Eq. (67) are di¬ 
vided by ij, the following equation 
for the input impedance is 
obtained: 


Zi„ = V = hie + - (68) 

li yn + hoe 

In a similar manner, the equation 
for the output impedance i^ay 
be derived to obtain the following 
relationship: 


__ Zg-f-hie racw 

out--:- — --T—r- r - r - (h9) 

lo ^gUoe I nielloe nreUfe 

Eq. (66) is rewritten to obtain 
the following expression for the 
current gain of the circuit 
shown in Fig. 124: 


Ki = ii = (70) 

li hoe + yn 


The voltage gain K,. of the circuit, 
as determined from Eqs. (64), 
(66) and (67), may be expressed 
by the following relationship: 



The power gain PG, which is the 
product of the current and voltage 
gains, may be expressed as fol¬ 
lows : 

PG - Ki Kv (72) 

This type of analysis can also be 
applied to the z and y parameters; 
the general results for all three 
circuits are shown in Table VII. 

In some cases, information is 
supplied for the common-emitter 
configuration, and it is desired to 
find the parameters for the com¬ 
mon-base or the common-collector 
configuration. This conversion for 
the hybrid parameters is shown 
in Table VIII. 

Common - Emitter Equivalent 
Circuit—The hybrid-pi small- 
signal circuit has become popu¬ 
lar in transistor analyses because 
it offers a reasonable compromise 
between the '‘black-box'' two-port 
representation (y, z, or h) and the 
complex equations derived from 
semiconductor physics. In addi¬ 
tion, the hybrid-pi equivalent cir¬ 
cuit represents a transistor by 
parameters which are independent 
of the operating frequency and 
which can be related to physical 
processes that occur within the 
transistor. The complete hybrid- 
pi equivalent circuit for a transis¬ 
tor in a common-emitter configura¬ 
tion is shown in Fig. 125. The 
discrete components have not been 
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combined into equivalent com¬ 
ponents so that the association of 
the components with transistor 
physical processes can be readily 
shown. 

When a transistor is con¬ 


nected for normal operation (i.e., 
emitter-to-base junction forward- 
biased and collector-to-base junc¬ 
tion reverse-biased) and a small 
increment of base-to-emitter volt¬ 
age is applied, this incremental 



Table VII- 

-Network Terminal Properties 


Parameter 

Zin 

Zout 

Ki 

Kv 


Az + zii zl 

Az Z22 Zg 

Z2I 

Z21 + Zl 


Z22 + Zl 

Zll + Zg 

Z22 + Zl 

Az + Zii Zl 


y22 + yL 

yn + yg 

—y2i yL 

—y2i 

y 

+ yii yL 

Ay + y22 yg 

Ay -t- yn yL 

y22 + yL 


Ah + hn yt 

hii -f- Zg 

—h2i yL 

—h2i Zl 


h22 + yL 

Ah h22 Zg 

h22 + yL 

hn + Ah Zl 


Az = Zji Z 22 — Z 12 Z 21 
= yii y22 - yi2 y2i 
Ah = hii h22 — hi2 h2i 


Table VIII—Hybrid Parameter Relationships 



Common- 

Emitter 

Circuit 

Common- 

Base 

Circuit 

Common- 

Collector 

Circuit 

hn 

hie 

hib - 

1 + hfe 

hie ~ hie 

hi2 

hre 

h,b - - h,e 

1 + hfe 

hre — 1 hre 

h2i 

hfe 

i + h,. 

hfe = —(l-phf< 

h22 

hoe 

1 + hfe 

hoc ~ hoe 
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Figure 125. Complete hybrid-pi equivalent 
circuit for a transistor used in a common- 
emitter configuration. 


tion of the basic circuit shown in 
Fig. 126. Under conditions of 
large voltage gain the load im¬ 
pedance is large. The width of the 


b* c 



t 


Figure 126. Elementary small-signal 
transistor equivalent circuit. 


change in base-to-emitter voltage 
produces two components of base 
current. One component is pro¬ 
duced by the incremental increase 
of charge recombination in the 
base that is caused by the increase 
of excess charge stored in the base. 
This component i^i can be ex¬ 
pressed as follows: 

ibl = gb'e Vbe = (l/rb'r) Vbe (73) 

The other base-current component 
results from the incremental 
change in excess majority carriers 
that is required to maintain elec¬ 
trical neutrality over the increased 
minority carriers stored in the 
base. This component ib 2 can be 
represented by the following re¬ 
lationship. 

ib2 = Cb (dFbe/dt) (74) 

The total base current ib then is 
defined by the following equation: 

ib = (lAb'e) Vbe + Cb (dVbe/dt) (75) 

where Cb is the base charging 
capacitance. 

Eq. (75) provides the basis for 
a first-order equivalent-circuit ap¬ 
proximation of the transistor. 
This equivalent circuit, shown in 
Fig. 126, represents the basic gain 
mechanism in a transistor. 

For large voltage gains, a sec¬ 
ond-order effect requires modifica¬ 


collector-junction depletion layer 
is voltage-dependent. As a result, 
the effective width of the transis¬ 
tor base varies with the out¬ 
put voltage. This phenomenon is 
known as ‘'base-width modula¬ 
tion.'' These effects are accounted 
for in a transistor equivalent cir¬ 
cuit by the addition of two feed¬ 
back elements, C^ and rb'c> and 
one output shunt element rce which 
account for the transient and in¬ 
cremental change of collector cur¬ 
rent Iq because of base-width 
modulation. The resulting equiva¬ 
lent circuit is shown in Fig. 127. 


^b*c 



e 


Figure 127. Elementary small-signal tran¬ 
sistor equivalent circuit which includes 
components to represent effects of base- 
width modulation. 

The equivalent circuit is essen¬ 
tially complete from the stand¬ 
point of physical mechanisms 
within the transistor. It is known, 
however, that the emitter and col¬ 
lector junctions have space-charge- 
layer capacitances, Cjg and Cje, 
which must also be included in 
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the equivalent circuit. In addition, 
the transverse majority-carrier 
base current produces a voltage 
drop in the transistor base which 
can be represented by addition of 
the spreading resistance 
Finally, because of the transverse 
voltage drop across r^^^ it fre¬ 
quently becomes convenient or 
necessary to divide the collector 
junction capacitance into two com¬ 
ponents, the capacitance Cjc men¬ 
tioned previously and a capaci¬ 
tance Coe which is defined as the 
overlap capacitance of the collec- 
tor-to-base junction. This division 
is desirable because the capaci¬ 
tance Coc is not charged through 

When all the elements discussed 
above are combined into one cir¬ 
cuit, the complete equivalent of 
the transistor, as shown previously 
in Fig. 125, is obtained. This 
equivalent circuit is rather cum¬ 
bersome, but when parallel ele¬ 
ments are combined the equivalent 
circuit is reduced to the more con¬ 
ventional form shown in Fig. 128. 





Figure 128 Conventional form of the com¬ 
plete hybrid-pi equivalent circuit shown in 
Fig. 125. 


Even this equivalent circuit may 
seem too cumbersome for circuit 
analysis. In practice, however, 
certain circuit elements are domi¬ 
nant over a portion of the fre¬ 
quency spectrum, while other ele¬ 
ments may have negligible effect 
on transistor behavior. It is 
permissible, therefore, to make 
further simplifications in the 


equivalent circuit which are ap¬ 
plicable over a limited frequency 
range. 

As with vacuum-tube ampli¬ 
fiers, it is convenient to use 
low-, medium-, and high-frequency 
equivalent circuits in the analysis 
of a transistor. The range of ap¬ 
plicability is determined by the 
parameter values of the transistor 
represented by the equivalent- 
circuit model. A numerical ex¬ 
ample is necessary, therefore, to 
assess the relative importance of 
the various elements. In a small- 
signal analysis of a transistor, it 
is important to realize that, al¬ 
though the small-signal response 
depends on frequency, this re¬ 
sponse is also affected by the oper¬ 
ating point and the temperature. 
In the following paragraphs, the 
response of a transistor at low, 
medium, and high frequencies is 
considered; changes in response 
because of variations in operating 
point and temperature are dis¬ 
cussed later. 

The numerical values for the 
hybrid-pi parameters of the RCA- 
2N2102 triple-diffused silicon 
pla.nar transistor are given in the 
equivalent circuit shown in Fig. 
129. As the first step in the esti¬ 
mation of the frequency response 
for this circuit, it is necessary to 

c 

■O 

rc*e- 
40k A 


Figure 129. HybrId-pi equivalent circuit for 
the 2N2102 triple-diffused silicon planar 
transistor. 

calculate the frequency fi at 
which the resistance r^'e is equal 
to the reactance of the capacitance 
Cj/e- This frequency may be cal¬ 
culated as follows: 


rbbi = 30 A 
0--AAA/j|- 

b 


rb'c=lHMA 

-cn. 


> ’’b'e 
>300 A 


C5'c=IOpF 

Cb'e-^aopFC; 


tev 
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f, == 1 ( 76 ) 

2/T Tb'e Cb^e 

_ _1_ 

6.28 X 300 X 420 X lO'^^ 

= 1.3 MHz 

For frequencies much below fi, 
the resistance is dominant, 
and the effect of the capacitance 
Ci/e is negligible. If a similar cal¬ 
culation is performed for the feed¬ 
back elements ri/^ and Cb'c> ^ 
quency f.j is determined, as fol¬ 
lows : 


2i7r Tb'c Cb^c 
_ 1 

6.28 X 12 X 10® X 10 X 10~i2 
= 1.3 kHz 

For frequencies below f 2 , the ef¬ 
fect of the feedback capacitance 
Cb'c is negligible. 

The preceding calculations are 
based upon design-center meas¬ 
ured values; individual elements, 
therefore, may vary somewhat 
from one transistor to another. 
Because the frequencies fi and 
fo differ by three orders of mag¬ 
nitude, several factors concerning 
the transistor operation become 
apparent. At frequencies much be¬ 
low f 2 , both capacitances Cb'e 
Cb'c rnay be neglected, and the low- 
frequency equivalent circuit shown 
in Fig. 130 is applicable. At fre¬ 
quencies above f 2 but much be- 



Figure 130. Simplified low-frequency hy¬ 
brid-pi transistor equivalent circuit. 

low fj, Tb'e and Cb'e are negligible, 
and the middle-frequency equiva¬ 


lent circuit shown in Fig. 131 is 
useful. Finally, at frequencies 
much above f^, both rb'e and rb'c 
are effectively bypassed by the 
shunt capacitances. For such 
frequencies, the high-frequency 



Figure 131. Simplified medium-frequency 
hybrid-pi transistor equivalent circuit. 

equivalent circuit shown in Fig. 
132 should be used to represent 
the transistor. 



Figure 132. Simplified high-frequency hy¬ 
brid-pi transistor equivalent circuit. 


In practice, the mid-frequency 
model shown in Fig. 131 is not 
very useful. A more useful equiva¬ 
lent circuit is produced if both 
capacitors Cb'e and Cb'e are re¬ 
tained in the circuit. Such an 
equivalent circuit, shown in Fig. 
133, is useful over the middle- 
and high-frequency ranges. 



Figure 133. Simplified hybrid-pi transistor 
equivalent circuit for use at medium and 
high frequencies. 


It is apparent from the forego¬ 
ing discussion that the hybrid-pi 
equivalent circuit offers many ad- 
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vantages as a broad-band transis¬ 
tor model. If hybrid data are not 
specified by the transistor manu¬ 
facturer, the parameters at a 
given operating point can be de¬ 
termined from known informa¬ 
tion or from simple low-frequency 
measurements, as follows: 

The transconductance g^ can be 
calculated from the following 
physical relationship: 


gm = ^ I Ic I mhos (78) 
where 

q = electronic charge = 1.6 X 
10-1^ coulomb 

k = Boltzmann’s constant = 
1.38 X 10~23 watt-sec/°K 
T = absolute temperature in 
°K 

Iq = collector current in am¬ 
peres. 

At room temperature, T = 290°K. 
Eq. (78) can then be rewritten 
as follows: 

gm = 0.04 I Ic I mhos (79) 

where the collector current Ic is 
given in milliamperes. 

The resistance rb'e is calculated 
on the basis of the measured value 
for the short-circuit current gain 
at low frequencies. Under the con¬ 
ditions required to measure the 
short-circuit current gain of the 
low-frequency equivalent-circuit 
model shown in Fig. 130, the re¬ 
lationship between the resistance 
Tb'e and the low-frequency current 
gain may be expressed as follows: 

hfe I flo = io/ii = gmrb'e (80) 

When this equation is solved for 
the resistance rb'e> the following 
result is obtained: 


gm 

At low frequencies, the resist¬ 
ance rbb can be determined from 
the calculated value for the resist¬ 
ance rb'e and the measured value 
for the short-circuit input im¬ 
pedance. Under the conditions re¬ 
quired for the measurement, the 
short-circuit input impedance for 
the low-frequency equivalent-cir¬ 
cuit model can be expressed in 
terms of the resistances rbb' and 
rb'e as follows: 

hie I flo = Vi/ii = Fbb' + rb'e (82) 

The low-frequency value for the 
resistance rbb', therefore, may be 
determined from the following re¬ 
lationship : 

Tbb' = h e I flo — Tb'e (83) 

It should be realized that the 
resistance rbb' is a distributed 
component and is, therefore, a 
function of frequency. At high 
frequencies, the following equa¬ 
tion should be used to calculate 
this resistance: 

lAbb' = Be(yie) (84) 

Eq. (84) is valid for the follow¬ 
ing condition: 

co(Cb'e + Cb'c) > > lAbb' (85) 

In the calculation of the resis¬ 
tance rb'e, it is first necessary to 
measure the open-circuit reverse- 
voltage transfer ratio at low fre¬ 
quencies. For the low-frequency 
equivalent-circuit model shown in 
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Fig. 130, the open-circuit reverse- 
voltage transfer ratio can be re¬ 
lated to the resistance r^'c as 
follows: 


first approximation, the capaci¬ 
tance C^c be determined as 

follows: 


hfe 



rb'e + Tb'c 


( 86 ) 


From practical considerations, it 
is known that r^'c is much greater 
than r^'e- Eq. (86), therefore, may 
be rewritten as follows: 


or 


hre I flo ^h'e/^h'c 


(87) 


Cb'c - Cob (93) 

The remaining capacitance C^'e 
may be determined by use of the 
high-frequency equivalent circuit 
shown in Fig. 133. For this cir¬ 
cuit, the short-circuit current gain 
is determined from the following 
relationship: 


Tb'c 


hre I flo 


( 88 ) 


hfe i fhi 


10 

11 


_Sm_ 

^*^(Cb'e + Cb'c) 


(94) 


In most practical applications of 
power transistors, the resistance 
rce is so large that its effect is 
negligible. In those cases for which 
the effect of this resistance is sig¬ 
nificant, however, the following 
approximation is valid: 


hoe 1 flo ~ l/fce 

(89) 

~ hoe 1 flo 

(90) 


If the gain-bandwidth product 
f^ is defined as the frequency at 
which hfe = 1, the following fre¬ 
quency relationships become ap¬ 
parent : 


hfef 

= It 

(95) 

hfeCO 

= (Ox 

(96) 

0) 

= COx/hfe 

(97) 


Before the capacitance C^c can 
be calculated, the common-base 
output capacitance C^b must be 
measured. Fig. 125 shows that the 
feedback capacitance is shunted by 
the diode overlap capacitance Coc 
and the header capacitance Ch- 
The capacitance Cb'^ therefore, 
can be determined from the fol¬ 
lowing relationship: 

Cob = Cb'c + Coc + Ch (91) 

Cb'c= Cob - Coc - Ch (92) 

For small-signal conditions, it is 
frequently possible to neglect the 
Coc and Ch terms so that, as a 


If the relationship expressed by 
Eq. (96) is substituted into Eq. 
(94), the following result is ob¬ 
tained : 


COT = gm/(Cb'e + Cb'c) (98) 
Cb'e = (gm/cOx) — Cb'c (99) 


Eqs. (78) through (99) demon¬ 
strate how the hybrid-pi parame¬ 
ters may be calculated for a known 
operating condition. For conveni¬ 
ence and reference, these relations 
are summarized in Table IX. 
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Table IX—Hybrid-Pi Parameters 


Parameter 

Relationship 

gm 

— _3_ 11 ! 

I’b'c 

_ hfe 1 flo 


gm 

I’bb^ 1 flo 

= hiolfio — 

rbb'lfhi 

= i- (Yic) 

JLVe 

. ^ . 1 


For w (Cb'e -l-Cb'o) > > -^ 


rbb' 


rb'e = 

I’b'e 

hrelflo 

fee = 

hoe 1 flo 

Cb'o = 

Cob Coc 
— Cn^Cob 

Cb'e = 

^ - Cb'e 

COT 


Equivalent Input Circuits—Be¬ 
cause of the differences in the 
magnitude of the elements of the 
hybrid-pi equivalent circuit, it be¬ 
comes convenient to use this cir¬ 
cuit to derive an equivalent input 
circuit for a transistor. If Rb and 
C in the amplifier circuit shown in 
Fig. 134 are both very large, their 
effects are negligible, and the 
equivalent circuit is as shown in 
Fig. 135. The node equations for 
this circuit can be written as fol¬ 
lows : 


Vb'e [(lAb'e) + sCb'e + sCb'c] 

- Vo (sCb'c) = li (100) 

Vb'e (gm ~ sCb'c) + Vo [(lAce) 

+ (1/Rl) + sCb'cl = 0 (101) 

where s = jwC. 

When conductance terms are 
substituted for the resistance 
terms, the node equations become 

Vb'e [gb'e + s(Cb'e + Cb'c)] 

- Vo (sCb'c) = li (102) 

Vb^e (gm sCb'c) 

+ Vo (gee + Gl + sCb'c) = 0 (103) 


+vcc 



Figure 134. Common-emitter transistor 
amplifier. 

Eqs. (102) and (103) may be 
further simplified by practical con¬ 
siderations. In the second term of 
Eq. (102), the sCb'c element repre¬ 
sents feedback from output to in¬ 
put which is necessary and critical. 
In Eq. (103), the sCb'c element in 



Figure 135. Equivalent circuit for common-emitter amplifier. 
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the first term represents signal fed 
forward from the input to the out¬ 
put, which is normally negligible 
compared to the signal fed for¬ 
ward by the gniV^e generator. In 
the second term of Eq. (103), the 
sCi/o term represents the loading 
of the output node, which is nor¬ 
mally negligible. In addition, ex¬ 
cept for very large load resistances, 
gee is much larger than Gj,. Under 
such conditions, the g^e term can 
be neglected. When these facts are 
taken into consideration, Eqs. 
(102) and (103) may be rewritten 
in the following form: 

Vb'e [gb'e + s(Cb'e + Cb'c)] 


- v„ (sCb'c) = li 

(104) 

V,/e (g.„) + V„ Gi, = 0 

(105) 

Eqs. (102) and (103) can be 
solved for the internal input ad¬ 
mittance li/Vb'c follows: 

V„ = (g,„/Vb'e)/GL 

(100) 

Vb^e [gb^e “1" s(Cb^e "t" Gb^c)] 

+ [(Vb'e gm)/GL] (sCb'c) = li 

(107) 

Vb'e {gb'e “1“ s[Cb'e "f" Cb'c 

(1 + g,„ Rl)]} = li 

(108) 


y == == gb'e + S [Cb'e 

V b'e 

4“ Cb'c (1 + gmRL)] (109) 

Eq. (109) represents an equiva¬ 
lent input circuit that consists of 
a resistor ri/e in shunt with an 
equivalent capacitance expressed 
by the following equation: 

Ceq = Cb'e 4" Cb'c (1 4“ gm Hl) (HO) 

When the series spreading resis¬ 
tance r,,,/ is added, the total input 


circuit can be represented as 
shown in Fig. 136. Eq. (109) was 
derived for the case of a purely 



Figure 136. Equivalent input circuit for 
common-emitter amplifier. 

resistive load; this equation, how¬ 
ever, can be generalized so that it 
is applicable to a complex load im¬ 
pedance Zl as follows: 

y — gb'e 4- S [Cb'e 4- Cb'c (1 4- gm Zl)] 

( 111 ) 

A circuit representation of the 
generalized input impedance de¬ 
fined by Eq. (Ill) is shown in 
Fig. 137. The equivalent admit- 


rbb' 



Y«q*SCb'c 


Figure 137. General equivalent input cir¬ 
cuit for a common-emitter amplifier. 

tance for this circuit is expressed 
by the following equation: 

yeq = sCb'c (1 4 - gm Zl) ( 112 ) 

Eqs. (109) and (111) show that 
the small feedback capacitance 
Ci/c can have a significant effect 
on the frequency response of the 
amplifier because of the large 
equivalent capacitance reflected at 
the input. For example, if the com¬ 
ponent values for the 2N2102 
power transistor are used and the 
load resistance is assumed to be 
1000 ohms, the reflected capaci- 
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tance may be calculated from Eq. 
(110) as follows: 


Ceq = Cb'e + Cb'c (1 + gm Rl) 

= 420 pF + 10 pF (1 + 0.4 X 10^) 
= 420 pF + 4010 pF 4430 pF 

This calculation shows that the 
small 10-picofarad collector-to-base 
capacitance Cb'c is reflected back 
to the input terminals as a 4010- 
picofarad capacitance which over¬ 
shadows the Cb'e term by a factor 
of 10. This reflected capacitance 
is analogous to the Miller effect in 
vacuum-tube triodes where the 
grid-to-plate capacitance reflected 
back to the input terminals is mul¬ 
tiplied by (1 + gmRL). 


flmVb'e 



Figure 138. Hybrid-pi equivalent circuit for 
a transistor used in a common-base con¬ 
figuration (effects of base-width modulation 
are neglected). 


the current-gain parameter a are 
defined as follows: 


re == Tb'e II 


gm 


1 ^ 
(l/n/e) + gm gm 

(113) 


Common-Base Equivalent Cir¬ 
cuit—Historically, the common- 
base circuit was the first configu¬ 
ration used for transistors. This 
circuit configuration, however, of¬ 
fers low input impedance and less 
than unity current gain and is no 
longer used except in certain spe¬ 
cific applications. 

Although the hybrid-pi equiva¬ 
lent circuit is still applicable for 
the common-base configuration, it 
becomes difficult to take into ac¬ 
count the effects of base-width 
modulation which now produce 
coupling from the output to the 
common terminal. For small volt¬ 
age gain, the base-width modula¬ 
tion effects are negligible, and the 
hybrid-pi common-emitter equiva¬ 
lent circuit shown in Fig. 128 can 
be redrawn for the common-base 
configuration as shown in Fig. 138. 
By suitable manipulation of the 
circuit equations, it can be shown 
that this equivalent circuit reduces 
to the common-base equiva¬ 
lent circuit shown in Fig. 139. In 
this circuit, the resistance r^ and 


Sir 


gm + (l/rt'e) 


(114) 



Figure 139. equivalent circuit for a 

transistor used in a common-base configu¬ 
ration when the effects of base-width 
modulation are neglected. 


Common-Collector Equivalent 
Circuit — The common-collector 
configuration is sometimes used 
because it offers high input impe¬ 
dance and current gain. It is pos¬ 
sible to draw the hybrid-pi equiv¬ 
alent circuit for the common- 
collector configuration as shown in 
Fig. 140. It can be shown that if 
the base-modulation, base-spread¬ 
ing, output-loading, and input¬ 
loading terms are neglected, the 
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Figure 140. Hybrid-pi equivalent circuit for 
a transistor used in a common-collector 
configuration. 


common-collector equivalent cir¬ 
cuit can be simplified to the form 
shown in Fig. 141, in which the 
dependent generator is converted 
into a current-dependent source. 



Figure 141. Simplified form of hybrid-pi 
equivalent circuit shown in Fig. 140. 

Network Properties 

In transistor circuit design, one 
of the first decisions to be made is 
the type of circuit configuration 
(common-base, common-collector, 
or common-emitter) to be used. In 
the preceding section, the equiva¬ 
lent circuits for each of these con- 
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figurations were described, and the 
way that the network terminal 
properties (Z^n, Z^^t^ and 

K,., as defined in Table VII) are 
affected by the source and load 
impedances was discussed. The 
terminal properties of any con¬ 
figuration may be calculated as 
a function of Z^ and Zg by use of 
the equations shown in Table VII. 
The calculations are laborious, and 
the results are readily available in 
the literature. The general quali¬ 
tative results are shown in Table 
X. Because the common-emitter 
configuration provides the highest 
power gain (KiK^), this type of 
configuration is normally used un¬ 
less the impedance properties of 
one of the other two configura¬ 
tions are required. 

Frequency Considerations 

In the hybrid-pi model of a 
power transistor, the two capaci¬ 
tances ^nd Ct)'c define two 
critical frequencies f^ and f 2 that 
determine the significant elements 
in the model at a particular fre¬ 
quency. These two capacitances 
also affect the short-circuit cur¬ 
rent gain. For the medium- and 
high-frequency equivalent circuit 
shown in Fig. 142, the short-cir¬ 
cuit current gain h^^ can be deter¬ 
mined from the following equa¬ 
tions : 


Table X—Qualitative Comparison of Transistor 
Circuit Configurations 



Common- 

Common- 

Common- 

Property 

Base 

Collector 

Emitter 

Terminal 

Circuit 

Circuit 

Circuit 

Zin 

low 

high 

moderate 

Zout 

extremely higli 

moderate 

high 

Ki 

low ( < 1) 

high 

high 

Kv 

high 

low (< 1) 

liigli 
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Vb'e = 


yiU.c. (l/rb'e)+S(Cb'e+Cb'o) 
(115) 


io = gm Vb 

V, lo 

hfe = — = 


Sir. 


(116) 


ii‘ (lAb'e) + s(Cb'e + Cb'c) 
(117) 



The s term (s = ja>C) in Eq. 
(117) shows that hf^ is a complex 
number that has both magnitude 



Figure 142. Medium- and high-frequency 
common-emitter hybrId-pi transistor model 
used for calculation of hhe. 

and phase. The short-circuit cur¬ 
rent ratio hfe has a low-frequency 
value of (gmiVe)> ^ single 
breakpoint occurs at a frequency 
defined by the following equations: 

(lAb'e) = 27r f, (Cb'e + Cb'c) (118) 




_ 1 _ 

27r Tb'e (Cb^e Cb^c) 


(119) 


Figure 143. Magnitude of hfe as a function 
of frequency for the 2N2102 silicon power 
transistor. 



Figure 144. Phase of hfe as a function of 
frequency for the 2N2102 silicon power 
transistor. 


scale shown. Extrapolation of this 
asymptote to the frequency at 
which hfe = 1 defines another criti¬ 
cal frequency Tp, which may be ex¬ 
pressed by the following equation: 


The beta-cutoff frequency f^ is 
the frequency at which the short- 
circuit current ratio hfe (or j8) is 
reduced to 0.707 of its low-fre¬ 
quency value. At this frequency, 
the phase angle of hfe is —45°. 
This information is used to de¬ 
termine the variations in the mag¬ 
nitude and phase of hfe for the 
2N2102 power transistor as a 
function of frequency shown in 
Figs. 143 and 144. For frequencies 
much above f /?, the response curve 
becomes asymptotic to a line that 
has a slope of —1 on the log-log 


fr 


gm 

2’"(Cb'e + Cb'c) 


( 120 ) 


The term fp is called the gain- 
bandwidth product. At any fre¬ 
quency along the —1 asymptote 
(i.e., f > 3 f^), Eq. (120) can 
be rewritten in terms of the op¬ 
erating frequency, as follows: 


I hfe I CO = COT 


( 121 ) 

( 122 ) 


I hfe I f = fT 
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For the hybrid-pi model for the 
common-base configuration shown 
in Fig. 145, the common-base 
short-circuit current gain hf,, can 


Q m Vb‘e 

-1-G>tO 



Figure 145. High-frequency common-base 
hybrid-pi transistor model used for calcula¬ 
tion of hfb (transverse voltage drops in the 
base are neglected). 

be calculated, for the case when 
ri)i/ == 0, from the following equa¬ 
tion : 


hfb = 


jo 

ii 


_Sm_ 

(1/rFe) + sCb'e 


(123) 


The s term in Eq. (123) indicates 
that hfi, is a complex number that 
has both magnitude and phase. 
This gain parameter has a low- 
frequency value of (gni ri,.e) and a 
single breakpoint. This breakpoint 
occurs at a frequency fa, referred 
to as the alpha cutoff frequency, 
at which h^,, is reduced to 0.707 of 
its low-frequency value. The fre¬ 
quency fa is determined as fol¬ 
lows : 


parameters also depend on the 
operating conditions, or bias and 
temperature. This section provides 
a qualitative analysis of this de¬ 
pendence. The hybrid-pi equiva¬ 
lent circuit is particularly useful 
for this discussion because the 
parameters can be easily related 
to physical mechanisms within the 
transistor (as given in Table IX), 
which in turn can be related to 
the properties of the semiconduc¬ 
tor material. It should be noted 
that the hybrid-pi equivalent cir¬ 
cuit was derived as a linear, one¬ 
dimensional model, based upon an 
assumption of low-level injection 
of minority carriers. In particu¬ 
lar, the model does not take into 
account transverse voltage drops, 
which have been shown to limit 
the useful safe area of operation 
of some transistors because of sec¬ 
ond breakdown. Over a major por¬ 
tion of the normal operating re¬ 
gion, however, the model is quite 
adequate for the analysis. 

Bias Dependence—The general 
hybrid-pi equivalent circuit shown 
in Fig. 125 includes three param¬ 
eters that are associated with the 
injection of minority carriers and 
the basic gain mechanism in tran¬ 
sistors. These parameters are g^, 
r|/(. and C,,. Table IX shows that 
the transconductance may be 
defined as follows: 




1 

27r Tb^e Ob^e 


(124) 


2: = ^ 


Ic 


(125) 


Variation of Small-Signal 
Parameters 


During the discussion of the 
small-signal equivalent circuits, it 
was mentioned that the transistor 


Eq. (125) indicates that g„i is 
directly dependent upon the col¬ 
lector current and is independent 
of the collector voltage Vc- Table 
IX also shows that r^'e niay be 
determined from the following re¬ 
lationship : 
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rb'e = ( 126 ) 

^llcl 

This equation shows that r^'e is 
inversely proportional to the col¬ 
lector current. The base charging 
capacitance is added to the 
equivalent-circuit model to ac¬ 
count for the incremental change 
in the excess majority carriers 
stored in the base. This capaci¬ 
tance is defined by the following 
equation: 

ib2 = (Cb d Vbe)/dt (127) 

Eq. (127) may be rewritten in the 
following form: 

dQb = ib2dt = CbdVbe (128) 
or 

Cb = dQb/d Vbe (129) 

where dQi, is the incremental 
change in the excess charge stored 
in the base. 

Because electrical neutrality is 
preserved in the base, dQi, must 
also be equal to the incremental 
change in the excess minority 
carriers stored in the base region. 
During normal operation, the ex¬ 
cess minority charge injected at 
the collector is very small com¬ 
pared to that injected at the emit¬ 
ter, and may be neglected. Under 
these conditions, the minority- 
carrier concentration in the base 
region of a uniform-base n-p-n 
transistor becomes as shown in 
Fig. 146. The total base charge 
can be found by integration of 
Eq. (128), and for this simple 
distribution is represented by the 
area inside the triangle. The equa¬ 
tion for the total base charge, 
therefore, may be written as fol¬ 
lows: 


EXCESS ELECTRON 
CONCENTRATION n' 



SPACE-CHARGE SPACE-CHARGE 

LAYER LAYER 

Figure 146. Excess minority-carrier concen¬ 
tration in the base region of a uniform-base 
n-p-n transistor. 

where q is the electronic charge, 
n'b(o) is the concentration of ex¬ 
cess electrons at the edge of the 
base region (X = 0), W is the 
base width, and A is the area per¬ 
pendicular to the direction of elec¬ 
tron injection. 

An analysis of the diffusion- 
current mechanism in transistors 
indicates that the collector current 
may be determined from the fol¬ 
lowing equation: 

Ic = qD„A (131) 

where is the diffusion constant 
for minority-carrier electrons. 

In charge-control theory, a term 
known as the average base-charge 
replacement time, Tp, is intro¬ 
duced. This term is defined as fol¬ 
lows: 

Tf == Qb/Ic = WV2D, (132) 

Eqs. (129) through (132) are 
combined to obtain the following 
equation, which can be used to de¬ 
termine the variation in Cb with 
incremental changes in Q^: 


Qb = (q n'b(o) WA)/2 


(130) 


(133) 
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It has been shown previously, by 
Eq. (125), that is directly de¬ 
pendent upon Ic;Eq. (133),there¬ 
fore, shows that the same depend¬ 
ence applies for Q^. 

The relationships expressed by 
Eqs. (125) through (133) can be 
used to predict the effect of col¬ 
lector voltage on each of the three 
parameters (i.e., g^, r^'e^ and 0^) 
being considered. Eqs. (125) and 
(126) show that g^ and r^'e are 
independent of Vc- The base width 
W is inversely dependent upon 
Yq because, as the reverse bias 
across the collector-to-base space- 
charge layer is increased, the ef¬ 
fective base width is decreased. 
Eqs. (132) and (133) show that 
Cb is directly proportional to T^ 
and, therefore, is inversely pro¬ 
portional to the square of Yq. 

The two junction capacitances 
Cje and Cje in the complete hybrid- 
pi equivalent circuit, shown in 
Fig. 125, are included to explain 
the voltage-dependent charge as¬ 
sociated with the dipole space- 
charge layer at each junction. 
These capacitances are practically 
independent of current and vary 
with voltage according to the fol¬ 
lowing equation: 

Cj - K/(V7n) (134) 

where K is the material constant, 
V' is the voltage across the space- 
charge layer, and n is the junction 
constant (for an abrupt junction 
n = 2; for a graded junction n 
= 3). 

The Tb'c, r^e, and terms in the 
hybrid-pi equivalent circuit are 
all associated with base-width 
modulation effects and are not too 
significant in normal applications. 

The rbb term is included in the 
hybrid-pi equivalent circuit to ac¬ 
count for the voltage drops in the 
base caused by transverse major¬ 


ity-carrier currents. At high col¬ 
lector currents, this transverse 
voltage tends to concentrate the 
emitter injection current at the 
emitter edge, an effect termed 
''current crowding’'. The net re¬ 
sult is that the effective length of 
the path for majority carriers is 
shortened, the transverse voltage 
drop is reduced, and therefore 
rbb' is decreased. At high collec¬ 
tor voltages, the collector-to-base 
space-charge layer is increased; 
as a result, the base width W is 
reduced. If rbb' is considered to be 
a bulk resistance, then, from Fig. 
147 and a knowledge of resistance 
effects, rbb' can be expressed as 
follows: 

rbb' = Pb X/A = Pb X/WY (135) 

where Y is the transistor dimen¬ 
sion perpendicular to the flow of 
base current in the plane of A. 
Since W is reduced as Vc in¬ 
creases, Tbb' should increase with 
increased Yq, 




COLLECTOR-BASE 

DEFLECTION 

LAYER 


INJECTED ! 
ELECTRONS 

VTTTzA 7772 


C |B+\ IE ^ 1 
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- 

! n \ 


"^"^^^^^BASE HOL£^ 
CURRENT 


Figure 147. Model of n-p-n transistor show¬ 
ing transverse base field and current¬ 
crowding effect. 


Temperature Dependence—The 
parameters shown in the hybrid- 
pi equivalent circuit are also tem¬ 
perature-dependent. Eq. (113) 
shows that g^ is inversely propor¬ 
tional to temperature. It can be 
determined from Eq. (126) that 
rb'e is proportional to hfe|fio(T). 
Because the parameter hfe|fio in- 



Table Xl—Summary of Dependence of Model Parameters on Operating Condition. (Except where in parentheses, 
statements refer to low-level injection conditions and voltages low enough for no avalanche multiplication effects). 


Increasing Ic 

gm 

(Increases less rapidly at high currents.) 

hfeko moderate currents. Falls at 

low currents. (Falls at high currents.) 

- , Almost oc l/|Ic! if /^o shows little vari- 
® ation. 

r , 1/iIcl 

® (Falls more rapidly at higher currents.) 


Tee OC l/|Ic| 


Fbb^ Constant (falls at high currents). 


Increasing Vc 

(slight increase) 

Increases steadily (Increases more rapidly 
at higher voltages; becomes infinite at sus¬ 
taining voltage.) 

Increases steadily. (Becomes infinite at sus¬ 
taining voltage.) 

Increases at low voltages. [Falls at higher 
voltages (main effect) due to onset of ava¬ 
lanche multiplication.] 

Increases at low voltages; at higher volt¬ 
ages (main effect) falls due to reduction of 
base width (and onset of avalanche multi¬ 
plication). 

Increases steadily. 


oc !IcI 

0^ (At higher currents: uniform base, less 
rapid increase; graded base, more rapid 
increase.) 

Cje Weak increase 

Cjc Insensitive 
Cd oc j Ic I 


Reduces steadily. 


Insensitive 

oc 


Decreases 


I VcB 1 " approx, 
n = I to ^ 


Increases (steadily for uniform base; 
fx reaches peak and then falls at high cur¬ 
rents for graded base). 


Increases somewhat due to reduction in 
base width. 


Increasing T 
oc 1/T 

Increases steadily. 


Increases more rapidly than oc T. 
Approximately same as 


Insensitive 

oc for Si and Ge 

-0.3 < m < -f 0.7 
cx: 1/DbT 
oc T™; where 

H-0.3 < m < -f 0.7 for all Si and 
for Ge p-n-p 
m ~ — 0.3 for Ge n-p-n 
Insensitive 

Insensitive 

oc (see Cb) 

1. Reduces as T“' if Cj© and Cb'c 
are comparable with Cb, (except 
at high currents). 

2. Approximately 

oc Db if (Cjed-Cb'c) ^ Cb. 
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creases with temperature over the 
normal range of interest, r^'e also 
increases with temperature, but at 
a rate faster than that at which 
the temperature changes. Eqs. 
(125), (132), and (133) can be 
solved simultaneously to show 
that Cb is proportional to l/D^T. 
When the temperature variation 
hfeDn is considered, rb*e is propor¬ 
tional to T“, where m is a ma¬ 
terial constant. The temperature 
dependence of rbb' may be inferred 
from Eq. (135) with the knowl¬ 
edge that, for the normal resis¬ 
tivities used, p increases with 
temperature, so that rbb' also 
increases. The base-modulation 
terms show very little tempera¬ 
ture dependence and so are not 
discussed here. 

It is apparent that the param¬ 
eter variations with temperature 
and bias involve many interrelated 
mechanisms, and only those of an 
elementary nature have been dis¬ 
cussed. The discussion is intended 
to serve as a starting point and 
to indicate a direction in which 
the parameter may be expected to 
travel based upon the assumptions 
of the equivalent-circuit model. 
Table XI summarizes these dis¬ 
cussions, and Figs. 148 and 149 



present measured data on the 
RCA-2N2102 silicon power tran¬ 
sistor. 

LARGE-SIGNAL ANALYSIS OF 
POWER TRANSISTORS IN 
LINEAR SERVICE 

The previous discussions of de¬ 
vice theory and construction have 
described in detail the physical 
configuration of junction transis¬ 
tors. A junction transistor may 
be considered as two p-n junction 
diodes coupled back to back with 
a common region (the base) of 
the same conductivity material be¬ 
tween them. For the purposes of 
this discussion, the most import¬ 
ant feature of the base region is 
that it is very thin. It was also 
pointed out that excess carriers 
could be injected or extracted at 
either p-n junction by the appli¬ 
cation of an external voltage 
across the junction. Because the 
base region is so thin, it is pos¬ 
sible for excess minority carriers, 
which are injected into the base 
by a forward-biased emitter-to- 
base junction, to be transported 
across the base without recom¬ 
bining with majority carriers. 
When they reach the collector 



Figure 148. Hybrid-pi parameters as a function of collector current for the 2N2102 

silicon power transistor. 
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silicon power transistor. 

Figure 149. Hybrid-pi parameters as a function of collector voltage for the 2N2102 


junction, the excess minority car¬ 
riers are swept into the collector 
region by the electric field that 
exists in the space-charge layer. 
The base current that fiows dur¬ 
ing this transition consists pri¬ 
marily of majority carriers used 
for recombination in the base re¬ 
gion and a small amount needed 
to supply the majority carriers 
injected or extracted across the 
two junctions. Both components of 
base current are small, however, 
so that the total base current is 
small in comparison to the emit¬ 
ter or collector current. This dis¬ 
cussion suggests that the emitter 
and collector currents can be re¬ 
solved into two independent com¬ 
ponents. 

Large-Signal Equivalent Circuits 

For large-signal linear service, 
the nonlinear characteristics of a 
transistor can be represented in 
an equivalent-circuit model if it 
is assumed that the mechanisms 
which control the fiow and distri¬ 
bution of carriers in the electri¬ 
cally neutral regions (outside of 
the space-charge layers) are 
linear; the only nonlinear proper¬ 
ties then are those associated with 
the Boltzmann distribution of car¬ 
riers which occurs at the edges of 
the space-charge region. This as¬ 


sumption is the basis for the 
Ebers and Moll equations which 
may be used to describe the large- 
signal properties of a transistor 
over the entire range of operation 
(i.e., from cutoff to saturation). 

In the following analysis, the 
Ebers-Moll equations for a p-n-p 
transistor are derived. The termi¬ 
nal currents and voltages assumed 
for this derivation are shown in 
Fig. 150. The emitter and collec- 



Figure 150. Terminal parameters for a 
p-n-p transistor. 

tor terminal currents can both be 
resolved into forward and reverse 
components. The forward com¬ 
ponents, which are controlled by 
the emitter-to-base junction volt¬ 
age, are independent of the col- 
lector-to-base voltage and can be 
determined from the following 
equations: 
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Ief = Ies [exp (ciVebAT) — 1] (136) 
IcF == — qifIef (137) 

where the subscript F denotes 
forward operation, oip is the com¬ 
mon-base forward-current gain 
with a short-circuit output, and 
Ies is the equivalent emitter-diode 
saturation current. 

In a similar manner, the re¬ 
verse components of current, 
which are controlled by the col- 
lector-to-base voltage, are defined 
as follows: 


IcR = Ics [exp (qVcbAT) — 1] (138) 
Ier = — o:r1cr (139) 


where the subscript R denotes re¬ 
verse operation and the remaining 
symbols are obvious from previous 
definitions. The total emitter and 
collector currents are the sum of 
the forward and reverse com¬ 
ponents and may be expressed by 
the following equations: 

Ie = If+Ier=Ies [exp (qVpBAT)—1] 
— oirIcs [exp (qVcBAT)—1] (140) 

Ic = ^CF ^CR — ~ [®xp 

(qVEBAT)-l] + Ics 
[exp (qVcB/kT)-l] (141) 

These two equations, which are 
known as the Ebers and Moll 
equations, represent the static 
current-voltage characteristics of 
the idealized transistor model 
shown in Fig. 151. This model 
represents the processes of in¬ 
jection of carriers by the ideal 
diodes having the equivalent diode 
saturation currents Ies IcsJ 

the processes of minority-carrier 


transport are associated with the 
two current-actuated current gen¬ 
erators. 





Figure 151. Ebers-Moll model of a p-n-p 
transistor controlled by diode currents. 


By an identical process, it is 
possible to arrive at the Ebers- 
Moll equations for an n-p-n tran¬ 
sistor. These equations may be 
expressed as follows: 

Ie “ ^EF + Ier — ~ Ies [®xp 
(—qVEB/kT) 1] + cyrIcs 

(-qVcBAT)-l] (142) 

Ic “ IcF “h IcR — <^fIeS [®xp 
(“qV^BAT) 1] Ics 

(-qVcBAT)-l] (143) 

Figs. 152 and 153 show the Ebers- 
Moll models for the n-p-n tran¬ 
sistor. 



Figure 152. Terminal parameters for an 
n-p-n transistor. 
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Figure 153. Ebers-Moll model of an n-p-n 
transistor controlled by diode currents. 


Large-Signal Characteristics 

Fig. 154 shows the typical in¬ 
put characteristic (i.e., base cur¬ 
rent Ib as a function of base-to- 
emitter voltage Vbe) a 2N3053 
silicon power transistor. From 
the hybrid-pi model, it is apparent 



Figure 154. Typical input characteristics 
for the 2N3053 silicon power transistor. 


that the resistance defined by this 
characteristic may be determined 
from the following calculation: 

Fb ” d VeE/dlB = Tb'e + (144) 

= + rbb' (145) 

gm 

— I I j. ' 

"0.04 He I H146) 


For small values of emitter cur¬ 
rent, the base input resistance is 
determined primarily by the first 
term of the equations, and r^j^ is 
negligible. At high currents, the 
opposite is true. At extremely high 
currents, the current crowding 
that occurs further increases ri^i/. 
The base input characteristic is 
then caused to “lean over’^ because 
of the large IbW voltage drop. 

Fig. 155 shows typical output 
characteristics for a 2N3053 tran¬ 
sistor. These characteristics dis¬ 
play the static or dc value of 



Figure 155. Typical output characteristics 
for the 2N3053 silicon power transistor. 

hpE» which is not the same as the 
low-frequency small-signal hf^lfio 
used in previous calculations. The 
dc hpE is useful primarily for es¬ 
tablishment of dc bias conditions. 

Fig. 156 shows the dc hpp. ^s 
a function of Ic for a. typical 
2N3053 transistor. The shape of 
the curve may be explained by 
analysis of the following equa¬ 
tions : 

hFE = «/(l—o:) (147) 

a = /3 7 M (148) 

where a is the h^B or common- 
base short-circuit current gain, 
jS is the transport factor, y is the 
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Figure 156. Typical dc forward-current 
transfer ratio (fiFE) as a function of col¬ 
lector current for the 2N3053 silicon power 
transistor. 

emitter efficiency, and ji is the 
collector multiplication factor. For 
silicon transistors at low current, 
y is small because the recombina¬ 
tion current in the emitter space- 
charge layer is high in compari¬ 
son to the emitter current. As 
the current is increased, y in¬ 
creases because the recombination 
current remains constant. also 
increases because higher accelerat¬ 
ing fields are produced as the re¬ 
combination sites become filled. 
The combination of these two ef¬ 
fects cause hpE to increase. 

At high currents, hpE decreases 
because the increased carrier 
density near the emitter junction 
increases the rate of recombina¬ 
tion. In addition, the flow of base 
current creates a radial transverse 
field which tends to forward-bias 
the emitter edge more than the 
center; this effect increases the 
current density and, as a result, 
decreases the emitter efficiency. 

An increase in the collector-to- 
emitter voltage Vce ^.t which h^E 
is measured results in an increase 
in hpE- This increase results be¬ 
cause of the reduced base width 
W produced by the increased Voe- 
The reduced W increases the 
transport factor ^ and, therefore, 
increases hpE- 


The effect of temperature on 
hpE is also shown in Fig. 156. 
This effect is the net sum of 
many individual temperature ef¬ 
fects which are complex and are 
not necessarily consistent from 
one transistor to another. The 
best information of this type is 
empirical and is normally given 
in the transistor manufacturer's 
specifications. 

The transconductance curve for 
a typical 2N3053 transistor is 
shown in Fig. 157. If leakage cur¬ 
rent is considered, the equation 
for VjjE is as follows: 


VbE = (Ib ~ IcBo) + Vb'e (149) 

= (Ic/hpE) rbb^~IcBO rbb^+Vb'e 

(150) 


If variation of these parameters 
with temperature is taken into 
account, the following effects are 
noted: r^^^ increases with tempera¬ 
ture because of an increase in 
resistivity; hpE may increase or 
decrease with temperature depend¬ 
ing upon the current level; Icbo 
increases with temperature; and 
Vb*e decreases with temperature 



Figure 157. Typical transfer characteristics 
for the 2N3053 silicon power transistor. 
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because of the decrease in bar¬ 
rier height. On the basis of these 
effects, it can be predicted that, 
at low current levels, Vbe de¬ 
creases with increasing tempera¬ 
ture and, at high current levels, 
the trend reverses, and Vbe in¬ 
creases with temperature as shown 
in Fig. 158. 



Figure 158. Typical tra n scon du eta nee char¬ 
acteristics for a silicon power transistor at 
high currents. 


It should be noted that the in¬ 
put characteristic is highly non¬ 
linear at low currents, but the 


output characteristic has lower 
hpE at such low currents. These 
two effects tend to be compensa¬ 
tory and help produce linear am¬ 
plification in many cases. 

POWER TRANSISTORS IN 
SWITCHING SERVICE 

An important application of 
power transistors is power switch¬ 
ing. Large amounts of power, at 
high currents and voltages, can 
be switched with small losses by 
use of a power transistor that is 
alternatively driven from cutoff to 
saturation by means of a base 
control signal. The two most im¬ 
portant considerations in such 
switching applications are the 
speed at which the transistor can 
change states between saturation 
and cutoff and the power dissipa¬ 
tion. 

Switching Speed 

Fig. 159 shows a typical test 
circuit used to measure the switch- 



Figure 159. Test circuit used to measure switching times in power transistors. 
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ing times of a power transistor, 
and Figs. 160 and 161 show the 
base and collector current wave¬ 
forms that result from the 
changes in the conducting state of 
the transistor. In the test circuit, 
transistor Q 2 is the transistor on 


I 

B 

Ibi 



ib2 


Figure 160. Base-current waveform that re¬ 
sults from change in conducting state of a 
power transistor. 



Figure 161. Collector-current waveform that 
results from change in conducting state of 
a power transistor. 


which the switching-time meas¬ 
urements are taken. Transistor 
Qi, which is used in a driver stage, 
has a faster switching speed than 
transistor Q 2 . This driver transis¬ 
tor amplifies the input drive sig¬ 
nal from a conventional pulse 
generator. Resistors Ri, R 2 , and 
R 3 , together with the input im¬ 
pedance of transistor Qi, combine 
to present a matched impedance 
to the pulse generator. Resistor 
R 3 , which is usually much larger 
than resistors Ri and R 2 , merely 
provides reverse bias to increase 
the switching speed of transistor 
Qi. Point X on the test-circuit 
schematic represents the origin of 
the input pulse to the transistor 
under test. This input consists of 
only a positive pulse of voltage. If 


a generator capable of supplying 
the required pulse is available, it 
could be attached to the test cir¬ 
cuit directly at point X, and the 
driver stage could then be omitted. 

The input pulse at point X, re¬ 
sistors R 4 , R 5 , and Rg, and the 
voltage Vbb can be adjusted to 
provide the required turn-on cur¬ 
rent Ibi and the required turn-off 
current Ib 2 - The value selected for 
Vbb> however, must be less than 
the collector-to-base breakdown 
voltage of the transistor to avoid 
breakdown of the emitter junction 
when the transistor is turned off. 
The value of resistor R 7 is chosen, 
together with V^q, to provide the 
required Ic- Usually, switching 
times are given for Ibi = 
a condition of forced beta = 10 
is most common. 

When the common point of the 
oscilloscope is connected to the 
base of transistor Q 2 , the turn-on 
current Ibi the turn-off cur¬ 
rent Ib 2 can be sampled on channel 
B. The waveform appears as 
shown in Fig. 160. When the com¬ 
mon point of the oscilloscope is 
connected to ground, the collector 
current Iq can be viewed. Fig. 161 
shows the collector waveform. (It 
is, of course, inverted.) The wave¬ 
forms for Ib and Iq shown in Figs. 
160 and 161 indicate that switch¬ 
ing times consist of four com¬ 
ponents, as follows: 

1. Delay Time (t^) represents 
the time for the collector 
current to go from an OFF 
state to 10 per cent of its 
final ON value after the 
turn-on base pulse is ap¬ 
plied. 

2 . Rise Time (tr) represents 
the time for the collector 
current to go from 10 per 
cent of its final ON value 
to 90 per cent of its final 
ON value. 
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3. Storage Time (tg) repre¬ 
sents the time for the col¬ 
lector current to go from 
its final ON value to 90 per 
cent of its final ON value 
after the turn-off base pulse 
is applied. 

4. Fall Time (tf) represents 
the time for the collector 
current to go from 90 per 
cent of its ON value to 10 
per cent of its ON value. 

Turn-on time T^n and turn-off 
time Toff are defined by the fol¬ 
lowing equations in terms of the 
preceding four components: 

Ton = td + tr (151; 

Toff = ts + tf (152) 

If the correlation of switching 
times is to be accurate, exact cir¬ 
cuits must be used. These circuits 
must include all voltages and all 
resistors. One reason for this re¬ 
quirement is obvious, if only tg 
and tf are considered. These 
switching times depend primarily 
on Ib 2 > but the shape of Ib 2 de¬ 
pends upon how closely Ib 2 ap¬ 
proaches a current generator. As 
previously stated, the approxima¬ 
tion of Ib 2 as a current generator 
is limited by the BVebo break¬ 
down rating. Hence, a specifica¬ 
tion of Ibi and Ib 2 does not totally 
define the Ib 2 source impedance 
and, therefore, does not guarantee 
equivalent switching times. 

Qualitative Description of 
Switching Times—All switching 
times can be explained in terms 
of transistor physics; accurate es¬ 
timates of switching times from 
parameter measurements, how¬ 
ever, are more difficult. 

Delay time td arises from a 
stored charge at the emitter and 
collector junctions. The emitter is 


reverse-biased by VBE(off) f ^ 
result, charge is stored in the de¬ 
pletion layer around the emitter. 
Similarly, the collector is reverse- 
biased by Vcc + VBE(off) and has 
an associated capacitance. The de¬ 
pletion layers, and thus the ca¬ 
pacitance, change when 
switches to VBE(on). The time re¬ 
quired to effect this change in 
charge is termed t^ and can be 
considered as the tinie required to 
charge the junction capacitances 
to new values. 

The rise time t^. involves the 
same capacitances discussed above, 
plus other factors. The junction 
capacitances are still changing be¬ 
cause the collector voltage is de¬ 
creasing and Vbe(oi^) is increas¬ 
ing. The rise time is also affected 
by the base transit time and the 
charging of the collector capaci¬ 
tance through the collector series 
resistance. 

The storage time tg depends 
upon the time required for minor¬ 
ity carriers in the base and collec¬ 
tor to recombine and produce a 
charge distribution that exists 
when the transistor is just ready 
to come out of saturation. 

Fall time tf can be considered 
as the reverse process of rise 
time; thus, the charges in the 
ehiitter and collector junction ca¬ 
pacitances are again important. 

Quantitative Relationships for 
Switching Times—The concept of 
a transistor as a charge-controlled 
device is useful for prediction of 
switching-time phenomena. This 
concept views the transistor as a 
device in which the terminal cur¬ 
rents (Ic, Ib> Ie) are con¬ 
trolled by the charge in the base. 

Transistor theory predicts that 
Ic, Ib, and Ie are linearly related 
to the base charge. As a result. 
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three separate time constants can 
be defined: 

1. Emitter time constant, 

te = (Qb/Ie) ( 153 ) 

2. Base time constant, 

tb = (Qb/Ib) ( 154 ) 

3 . Collector time constant, 

rc - (Qb/Ic) ( 155 ) 

The time constant tb represents 
the effective minority-carrier life¬ 
time in the base. This time con¬ 
stant is related to the time con¬ 
stant Te as follows: 

1 . For a uniform base, 

te = tb ( 1 —«) 1.2/ooh ( 156 ) 


ft rqt 

I iBdt = / dQB 
•^0 Jqo 

+ f (QBdt/TB) 

Jo ( 160 ) 

Eq. (160) states that the charge 
delivered to the base is equal to 
the change in the base charge 
necessary to establish a new cur¬ 
rent level, plus the charge needed 
to maintain Qb against recom¬ 
bination. 

The total base-charge variation 
can be expressed by the following 
equation, which is derived from 
the charge-continuity equation 
[Eq. (159)]: 

ft ^3*2 

/ ledt- / CTedVBE 

Jo Abbi 


2 . For a graded base, 

Te = tb ( 1 —«) « 0 . 6 /cob ( 157 ) 


where ooi, is the base cutoff fre¬ 
quency (i.e., the frequency at 
which the base transport factor is 
0.707 of its original value). 

The time constant tq can be de¬ 
fined in terms of te by the follow¬ 
ing equation: 

Tc — te/ol ( 158 ) 

The basic equation of charge 
continuity for transistors may be 
written as follows: 

Ib = (dQB/dt) -f (Qb/tb) ( 159 ) 

where Ib is the base current, 
dQB/dt is equal to the change in 
base charge, and Qb/tb can be in¬ 
terpreted as the recombination 
rate. 

Eq. (159) can be integrated 
with respect to time to obtain the 
following result: 


rvBC2 rQB2 

+ / CTcdVcBd- / dQfi 
J^cni Jqbi 

+ f (Qsdt/TB) (161) 

j 0 

where and Ctc are emitter and 
collector transition capacitances. 

Because Ctb and Ctc depend on 
Vbe and Vcb» respectively, the fol¬ 
lowing assumptions can be made: 

CTe= C'TeVBE“\ (162) 
(step-j unction assumption) 

Ctc = C'tc Vcb“^^ (163) 
(reasonable assumption for step or 
graded junction) 

where the prime capacitances in¬ 
dicate a measurement of Cto and 
Ctc at a total voltage of 1 volt. 
(This total voltage includes the 
junction voltage and the junction 
contact potential.) 

The notations in Eqs. (162) and 
(163) are used and the indicated 
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integrations in Eq. (161) are per¬ 
formed to obtain the following 
expression: 

td = (2/Ibi) {C'Te [VBE(off)]^ 

+ C'tc [(VcE + VBE(off))^ 


tionally, charge must be removed 
from the collector. The collector 
charge depends on the forward 
bias at the collector and on the 
collector resistivity. 

The charge-control equation is 
as follows: 


-Vcc^]} (164) 

The important conclusions that 
can be drawn from Eq. (164) are 
that td increases with VBE(off), 
decreases with increased Ibi, and 
depends primarily on the emitter 
transition capacitance when Vcc 
» VBE(off). 

Rise time starts at the edge of 
conduction and ends just short of 
saturation. The charge equation 
is given by 


Ij3 = d^ Qb ^20 ^^ 

dt dt dt tb 

After a number of simplifying 
assumptions are made the follow¬ 
ing equation can be obtained: 

tr « hpE \ — + 1.7 Rl Ctc ) In 

\CCT / 


hpE Ibi 

hpElBi ” 0.9 Ic 


(166) 


where o)t is the current-gain 
bandwidth at the edge of satura¬ 
tion. All terms, except Ctc» are 
given at the edge of saturation. 
The equation indicates that rise 
time is reduced for small ratios 
of Ic/Ib- In addition, transistors 
that have a high f^ (cutoff fre¬ 
quency) with Rl as a load produce 
the lowest rise time. 

Storage time is determined by 
the length of time required to re¬ 
move excess base charge over that 
required to maintain lo- Addi¬ 


Ig = Qb -f Qbs ^Qb ^ ^Qbs ^0-^^ 

Tb Ts dt dt 

where Ib is the base current, Qb 
is the base charge required to 
maintain 1^, Qbs is the excess 
stored base charge, dQB/dt is the 
current that results from a change 
in Qb, and dQBs/dt is the current 
that results from a change in Qbs- 
If Qb is constant and is equal 
to Tclc> derivative dQB/dt is 
zero because Qb is the charge that 
is required to maintain Ic and is 
not changed. 

If Ib 2 is substituted for Ib in 
Eq. (164), the equation may be 
rewritten in the following form: 

= I£i5 + Qb_s ^ ^ (Igg) 

Tb ts dt 

If Eq. (168) is integrated with 
respect to time, the following 
equation is obtained: 

r _diB_ 

/ib1-Ib2 Ib 2 ““ Ic (tc/tb)-“ (Qbs/ts) 


dt 

(dQBs/dlB) 


With the additional information 
that Tc/tb is equal to 1/hpE and 
that dQBs/dlB is equal to ts» the 
final expression for t^ becomes 


cs = TS In 


Ibi ~~ Ib2 
(Ic/hFE) — Ib 2 


where Ib 2 is 
negative 
(170) 
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The term ts in this equation is 
the storage time constant, and its 
value depends on the structure of 
the transistor. The equations used 
to determine Ts for different tran¬ 
sistor types are tabulated below: 

1. For alloy-type transistors 
having no collector storage charge, 

TS - 2.4/cob(l-a) (171) 

where co,, is the base cutoff fre¬ 
quency and a is the grounded-base 
current gain, both measured at 
the edge of saturation. 

2. For diffused-base alloy tran¬ 
sistors, 

Ts = 3/a;b(l-c.) (172) 

3. For graded-base mesa or 
planar transistors, 

’■S = (0.6/(Ob) + (rmc/2) (173) 

where r^c is the minority-carrier 
lifetime in the collector. 

From the equation for Ts, it is 
apparent that an increase in Ib 2 
causes a decrease in an in¬ 
crease in Iri (more overdrive) 
causes an increase in Ts, and the 
limiting value for t^ is approxi¬ 
mately O.Tts* 

The equation for fall time tf can 
be derived in a manner similar to 
that used to derive the rise-time 
equation. The same charges must 
be moved, but the limits are dif¬ 
ferent. The result is as follows: 

tf = hpE I — "h 1.7 Rl Ctc ) In 

\Cx)T / 


Ic — hpE Ib2 

0.1 Ic — hFElB2 


(174) 


Because Ib 2 is negative, Eq. (174) 
indicates that tf increases with 
hpB hut decreases as the ratio 
I(v/Ib 2 decreases. 


Switching-Time Reduction 
Techniques 

From the previous discussion, 
it is obvious that a proper choice 
of the ratio Ic/Ir can minimize 
switching time for a given tran¬ 
sistor. In addition, some circuit 
techniques are available that fur¬ 
ther improve switching speed. Two 
common techniques for this pur¬ 
pose are the use of '‘collector- 
catcher'' circuits and of speed-up 
capacitors. 

A typical "collector-catcher" 
circuit is shown in Fig. 162. Im¬ 
provement in switching speed is 
obtained because the transistor is 
not allowed to go into saturation; 
storage time, therefore, is dras¬ 
tically reduced. With no input 


Figure 162. "Collector-catcher” circuit. 

pulse applied to the circuit, the 
transistor is initially biased off 
hy —Vbb- a positive pulse of volt¬ 
age turns the transistor on and 
the collector voltage begins to 
drop from H-V^c toward H-Vr. If 
Vr is greater than the sum of 
the voltage drop across CR and 
^CE just out of saturation, then 
the collector is clamped at some 
value of voltage which maintains 
the transistor out of saturation. 

The difficulty with this circuit 
is that the maximum I^ is essen¬ 
tially beta-dependent and, be- 
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cause beta varies with tempera¬ 
ture, this circuit is not very stable. 
Burn-out of the diode or transistor 
is possible. 

More practical circuits are 
shown in Figs. 163(a) and 
163(b). In these circuits, the bat¬ 
tery Vb and the diode keep the 
transistor out of saturation as 
before. However, the feedback ar¬ 
rangement tends to keep Ic con¬ 
stant by automatic variation of 
the base drive. For example, if 
beta increases and tends to 
rise, the collector voltage begins 
to decrease, but the base drive 
is decreased and the circuit is re¬ 
turned to near its original condi¬ 
tion. The only disadvantage of 
this circuit is the isolated bat- 
tery V„. 




Figure 163. "Collector-catcher” circuits in 
which feedback is used. 


A practical circuit is shown in 
Fig. 164. Operation is similar to 
that described above. The drop 
across CR 2 acts as the Vb supply. 
The diode pair CRi constitutes the 



Figure 164. Practical “collector-catcher” 
circuit. 


feedback arrangement. The func¬ 
tion of CR 3 is to keep the tran¬ 
sistor turned oif under conditions 
of low Vbe voltage (to reduce de¬ 
lay time). C acts as a speed-up 
capacitor. The use of the proper 
speed-up capacitor effectively in¬ 
creases turn-on drive and turn-off 
drive without supplying large 
amounts of ''on'' base current. As 
a result, faster rise times and 
faster fall times are achieved 
without the penalty of long stor¬ 
age time. 

An example of a circuit that 
uses a speed-up capacitor is shown 
in Fig. 165. Waveforms for this 
circuit are shown in Fig. 166. 



Figure 165. Circuit that uses speed-up 
capacitor to reduce transistor switching 
times. 



Silicon Power Transistors 


137 


The optimum value of C for 
fastest response can be found ex¬ 
perimentally. If Vg is large com¬ 
pared to Vbe ^nd R 2 can be 
neglected, then the charge stored 
on the capacitor while the transis¬ 
tor is ON is Vq. This charge should 
equal the stored base charge for 
best response. Practical values for 
R 2 > Vg, and will modify this 
relation. 



Figure 166. Waveforms for circuit shown 
in Fig. 165: (a) source voltage Vs; (b) base 
current Ib; (c) collector current Ic. 


Power Dissipation 

An important consideration for 
transistors being used in a switch¬ 
ing mode is power dissipation. 
Dissipation can be handled in four 
parts: (1) average dissipation; 
(2) saturation dissipation; (3) 
cutoff dissipation; (4) switching 
transient dissipation. 

Average dissipation is the av¬ 
erage power that must be handled 
over a complete cycle of opera¬ 
tion and basically determines the 
heat-sink requirements for a 
given transistor case temperature. 
It is the average of saturation, 
turn-off transient, cutoff, and turn¬ 


on transient dissipations for the 
case where a transistor is con¬ 
tinuously turning on and off. Un¬ 
der such conditions, the average 
power can be expressed by the 
following general equation: 


Pavg — (1/T) / VcE(sat) Ic(sat) dt 


+ (1/T) / VcE (t)off Ic (t)off dt 


+ (1/T) / VcE(off) Ic(off) dt 


+ (1/T) / VcE (t)on Ic (t)on dt 

Jts 

(175) 

where T = total switching 
period 

ti = time interval the 
transistor is ON 
t 2 -ti = turn-off time 
t^-U = time interval the 
transistor is OFF 
T-t 3 = turn-on time 

VEE(off) == VcE while transistor 
is OFF 

I(. (off) = current flowing 

while transistor is 
OFF [IcEX ^CE 
(off)] 

VcE(t)on = VcE a function of 
time while transistor 
is turning on 

I(,(t)on = Iq as a function of 
time while transistor 
is turning on 

V(«p(sat) = VcE while transistor 
is ON 

(sat) = Iq while transistor is 
ON 

VeK(t)off = VcE as a function of 
time while transis¬ 
tor is turning off 
I(^(t)off = Ic as a function of 
time while transistor 
is turning off 
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Base power is usually very small 
and is neglected in the equation 
for average power. If required, 
however, an IeV^e (t) term can be 
included for each interval of time. 
It should be noted that the four 
integrals in Eq. (174) are, respec¬ 
tively: (1) saturation dissipation, 
(2) turn-off dissipation, (3) cut¬ 
off dissipation, and (4) turn-on 
dissipation. 

Evaluation of the four integrals 
usually requires the use of simpli¬ 
fying assumptions or a graphical 
approach. If a particular circuit 
has been constructed and average 
power is to be calculated, two ap¬ 
proaches are available: 

(1) The instantaneous voltage- 
current characteristic can be plot¬ 
ted, and the integrations per¬ 
formed graphically. 

(2) The heat-sink temperature 
can be measured under normal op¬ 
eration. A controlled source of 
power (for example, dc power) 
can then be applied to the transis¬ 
tor until the steady-state tempera¬ 
ture of the heat sink is equal to 
the normal operating temperature. 
The amount of power necessary to 


establish this heat-sink tempera¬ 
ture is the average power. 

If average power is to be calcu¬ 
lated for a tentative design, some 
simplifying assumptions must be 
made. For example, if a particular 
transistor is used to switch a re¬ 
sistive load with equal turn-on and 
turn-off base currents (the ideal¬ 
ized waveforms are shown in Fig. 
167), the following assumptions 
can be made: 

1 . base power is negligible, 

2 . turn-on and turn-off switch¬ 
ing times are equal, 

3. collector voltage and current 
vary linearly with time 
during the switching transi¬ 
ent. 

On the basis of these assumptions, 
can be determined as follows: 


^ 7o 


Ip VcE(sat) dt 


ON 




TURN-OFF 



Figure 167. Idealized collector current and voltage waveforms for a transistor that has 
equal turn-on and turn-off currents. 
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TURN-ON 


_ Ip VcE(sat) Ton I ICEX Vp Toff 
r r 

+ (176) 

3r 

From Eq. (176), it is obvious 
that the average power dissipated 
in the transistor can be reduced, 
and the efficiency can therefore be 
increased, by use of a transistor 
that has the following characteris¬ 
tics: low VcE(sat), low IcB 0 > 
fast switching characteristics (i.e., 
minimum Tg^y). 

Load-Line Analysis 

An analysis of the transistor 
load line is an important consider¬ 
ation in achievement of maximum 
reliability in a high-power switch. 
In general, the load is a combina¬ 
tion of resistive and reactive ele¬ 
ments. It is almost never purely 
resistive, and for ‘‘worst-case'' 


analysis can be assumed to be 
purely inductive. 

A simple test circuit for obser¬ 
vation of a load line is shown in 
Fig. 168. The current-sensing re¬ 
sistor in the collector circuit 
should be non-inductive and should 
have a resistance value much 



Figure 168. Test circuit used to determine 
transistor load lines. 

smaller than any other impedance 
in series with the transistor. A 
typical load line (Vce as a func¬ 
tion of Iq) for this circuit is shown 
in Fig. 169(a). If the inductance 
is reduced so that L(di/dt) < 
VcEX(sus)» the circuit has a load 
line as illustrated in Fig. 169(b). 
[The VcEX(sus) curve in both cases 
should be determined under the 
bias conditions of the circuit.] 
However, in most applications, and 
certainly for the worst-case de¬ 
sign, the load line of Fig. 169(a) 
is applicable. 



vcc Vcc 

COLLECTOR-TO-EMITTER VOLTAGE (VCE) 


Figure 169. Inductive load line for the test circuit shown in Fig. 168; (a) typical load 
line; (b) load line when L(dl/dt) < Vcex(sus). 
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Fig. 170 shows typical voltage 
and current curves as a function 
of time for this switch, with the 
load line indicated in Fig. 169(a). 
From these curves, the peak and 
average power dissipation, voltage 
limitations, and secondary-voltage- 
breakdown energy can be deter¬ 
mined, as follows: 

Ppk = VcEx (sus) Ipk (177) 


1 pV 
^ Jh 2 


(VcEX( sus )) dt (178) 


Because Icex ^i^d R^at are small, 
the following approximation is 
valid: 


t4 — ts = toff 



Ldi 

VcEX(sus) ““ Vcc 



ftl 

I Icex Vcc dt 


ON 


V____^ 



TURN-ON 


1 

rt3 

/ Ipk (IpkRss 

It) dt 

r ^ 

/12 



OFF 


1 

r‘^f(vcKx 

(sus)) dt 

T 

As 2 


TURN-OFF 


Lip 

Vcex(su8) -* Vcc 


(179) 


The average power dissipated in 
the switch shown in Fig. 168 is 
then given by 



VcEX(sus) 


= i ( Liz!) r . VCEX(.U.) - 1 

2 V T / LVcEX(sus) VccJ 

(180) 

The turn-off energy is expressed 
by the following equation: 


Etoff = — (Lip 

li 


1(LI 2) r- Ycexcs^ 


LVcEX(8us) 


VccJ 

(181) 



Figure 170. Voltage and current waveforms for the switching circuit shown in Fig. 168. 
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This energy must not exceed the 
Eg/b rating of the transistor. 

Preceding discussions have been 
directed toward the calculation of 
average power. Although this cal¬ 
culation is important, the peak 
power during switching is usually 
most critical. Whether the transis¬ 
tor can handle the peak power 
pulses during switching can be de¬ 
termined from safe-area-of-opera¬ 
tion curves. 

The general procedure for de¬ 
termination of the safe area of 
operation is as follows: 

1 ) The voltage and current are 
plotted as a function of time. 

2 ) An average junction temper¬ 
ature is calculated on the ba¬ 
sis of average power and 
known case temperature. 

3) The safe-area curves are de¬ 
rated on the basis of an effec¬ 
tive case temperature which 
is equal to true case tempera¬ 
ture plus the average junc- 
tion-to-case temperature. 

4) The load line of voltage as a 
function of current is plotted 
on the derated safe-area 
curve, and it is determined 
that this load line does not 
remain in any area longer 
than the safe-area curve in¬ 
dicates. 

5) If the voltage at any point 
reaches the sustaining re¬ 
gion, all power dissipated in 
the sustaining region is con¬ 
sidered as reverse-bias sec¬ 
ond-breakdown energy. This 
energy should not be allowed 
to exceed the Eg/^, rating. 
(See section on Safe-Area 
Ratings for clarification of 
Eg/i^ and Ig/^^ safe-area 
curves.) 


Analysis of Inductive-Load 
Switching 

Inductive switching requires 
rapid transfer of energy from 
the switched inductance to the 
switching mechanism, which may 
be a relay, a transistor, a com¬ 
mutating diode, or some other de¬ 
vice. Often, it is necessary to cal¬ 
culate accurately the energy that 
will be dissipated in the switching 
device. This type of calculation is 
especially important when the 
switching element is a semicon¬ 
ductor device that may not be 
able to handle the amount of en¬ 
ergy involved safely. 

Most inductive switching cir¬ 
cuits can be represented by the 
basic equivalent circuit shown in 
Fig. 171(a). This circuit shows 
the situation at the instant of 
turn-off. Variation of this basic 
circuit for three methods of turn¬ 
off are shown in Figs. 171(b), 
171(c) and 171(d). 

In the circuits of Fig. 171, Vcq 
is the voltage source in series 
with the turn-off device and its in¬ 
ductive load, R and L are the 
series resistance and inductance, 
lo is the current flowing at the 
instant of turn-off, and repre¬ 
sents the breakdown voltage of 
the turn-off device. 

The energy dissipated in the 
turn-off device depends on V^, 

I,„ R, and L. For purposes of 
analysis, is assumed to remain 
constant during the turn-off tran¬ 
sient [a reasonable assumption 
for the circuits of Figs. 171(b), 
171(c), and 171(d)]. 

Five theoretical cases—The 
five cases to be analyzed are 
shown in Fig. 172. The energy 
equations for each case and cor¬ 
responding current and voltage 
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Figure 171. Basic switching circuits with inductive loads. 


waveforms for the switching de¬ 
vice are also shown. 

In case 1, shown in Fig. 172(a), 
the energy is given by the famil¬ 
iar expression for energy stored 
in an inductor, as follows: 

El = (1/2) L Io2 (182) 

where Ei is the energy for case 1, 
L is the circuit inductance, and 
is the initial current. 

Case 2, shown in Fig. 172(b), 
differs from case 1 in that energy 
is supplied to the switching de¬ 
vice by the battery during turn¬ 
off. For case 2, the turnoff energy, 
E 2 , is given by the following ex¬ 
pression : 


To show that case 2 is a modifica¬ 
tion of case 1, a multiplying factor 
k 2 can be defined as follows: 

E 2 = (1/2) L Io2 k 2 (183a) 

where the factor k 2 is given by 

Vs 1 

k. = ^ = - (183b) 

Vg— Vcc -L— p 

Fig. 173 shows a curve of k 2 as a 
function of the ratio Vcc/V^. 

Case 3, shown in Fig. 172(c), 
causes an energy dissipation E^ 
given by the following expres¬ 
sion : 

Eg loVgL 

R 

rinf__ I _) ] 

\1 +(I„R)/(Va - Vcc)/ 
(I„R)/(Va - Vcc) 


E, = (1/2)LI„2 (— \-) (183) 
\ Vg — V cc/ 


( 184 ) 






CASE 5 

Figure 172. Equivalent circuits, energy equations, and voltage and current waveforms 
for the five basic circuit configurations. 
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Eq. (184) can be rearranged, 
as was Eq. (183), to show that it 
is a modification of case 1. This 
rearrangement introduces a new 
multiplying factor kg, which is a 
function of both the voltage ratio 
Vcc/Vg and the ratio loR/Vcc- Eq. 
184 then becomes: 

Ea = (1/2) L Io2 k 3 (184a) 

where the factor kg is defined as 
follows: 

k3 = f (loR/Vcc , Ycc/Ys) 

2 

■ (TR/Voc) p 

_ ^ _ ) 

1 + (loR/Vcc) p k2 / , 2 

(loR/Vcc) p k, _ 

(184b) 

Fig. 173 shows curves of kg as 
a function of the ratio Vcc/Vg for 
several values of loR/Vcc- When 
the ratio IqR/Vcc becomes less 
than 0.01, kg can be approximated 



/»= Vcc/Vs 

Figure 173. Multiplying factors (k 2 , ks, kU 
as a function of the ratio Vcc/Vs. 


by k 2 . Case 3 then reduces to case 

2 . 

Case 4, shown in Fig. 172(d), 
is a special form of case 3. The 
condition I^R = Vco arises when 
there is negligible voltage drop 
across the switching device, in 
the ON state, and the current is 
limited only by the circuit re¬ 
sistance. The energy dissipation 
E 4 is then given by: 

Vs 

E4 = ^ I.; L 
V cc 

_L_) 1 

1 +Vo„/(V:, - Voc) / 

Vcc/ (V, - Vcc) 

(185) 

Again, it is convenient to define 
a multiplying factor k 4 which is 
a function of the ratio Vcc/Vg, as 
follows: 


E 4 = (1/2) L I„2 k 4 (185a) 

where 

1 

k4 = f (p) = - 

P 

I'^d + pk^) 

L p k, + -"J 


(185b) 


Fig. 173 includes a curve of 
k 4 plotted as a function of p. This 
curve corresponds to the curve 
of kg for loR/Vcc - 1* As Vcc ap¬ 
proaches Vg, the multiplying fac¬ 
tor approaches its maximum value 
of two. Therefore, for any induc¬ 
tive switch in which Vcc == IqE, 
the maximum energy that must be 
handled by the switching device 
is L or twice the energy of 
(1/2) L for case 1. 

Case 5, shown in Fig. 172(e), 
can also be regarded as a special 
form of case 3. A practical ex¬ 
ample of case 5 is shown in Fig. 
171 (d). Note that there is no volt- 
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age source in series with the in¬ 
ductance and the commutating 
diodes; therefore Vcc = 0. For 
this case, the energy Eg is given 
by 

E. = V, I„ I 


X 


ln_ 


1 + fL,F/V«) 

(loR/Vs) 


+ 1 
(186) 


Because Vcc = 0, any I^R term 
gives an infinite IqR/Yqq ratio. 
Therefore, case 5 cannot be plot¬ 
ted by the method used in Fig. 
173. However, a new multiplying 
factor k 5 can be defined in terms 
of loR/Vg instead of 
When this new independent vari¬ 
able is used, Eq. 186 becomes 

Er, = (1/2) L 1,2 kr, (186a) 
where 

k5 = f doR/V,) 

2 

(loR/Vs) 

(186b) 

Fig. 174 shows a curve of as 
a function of the ratio I^R/Vs. 
(Because kg can be defined as a 
function of I^R/V^, obviously k^ 
could also have been defined in 
terms of p and loR/Vg, instead of 
P and loR/Vcc- The choice was 
arbitrary, and was made on the 
basis that I^R/Vcc is usually a 
more meaningful ratio from a cir¬ 
cuit standpoint.) 

The preceding analyses show 
that energy dissipated in an in¬ 
ductive switch can, in general, be 
considered as a modification of 
the simple (1/2) LIo2 relationship. 
Each specific case requires a dif¬ 
ferent multiplying factor k. The 


ln_ 


1 + doR/V,) 
doR/V.) 


+ 1 



0.01 0.1 I iO iOO 

RATIO loR/Vs 

Figure 174. Multiplying factor kr, as a 
function of the ratio loR/Vs. 

constants k 2 , k 3 , k 4 and kg can be 
easily determined from Figs. 173 
and 174 for most practical cir¬ 
cuits. 

Four practical examples—The 
following examples illustrate the 
use of the equations given for 
the five theoretical cases. 

Example 1: The two circuits 
shown in Fig. 175 are identical 
except that R 2 in Fig. 175(b) is 
greater than Rj in Fig. 175(a). 



(a) (b) 

Figure 175. Circuits used in Example 1 to 
demonstrate the use of case-4 equations. 

The problem is to decide in 
which circuit the switching de¬ 
vice must handle the most energy. 
Because Yqq = I^R, case 4 applies 
for both circuits. lo and Vg remain 
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constant; therefore, (1/2) L 1^2 is 
the same for both circuits. 

To determine the switching en¬ 
ergy, it is necessary first to de¬ 
termine how k 4 varies. Fig. 173 
indicates that as Vcc/Vg increases 
(i.e., as Vqc increases), k 4 also 
increases. Because E 4 = (1/2) L 
k 4 , an increase in Vcc increases 
the energy requirement of the de¬ 
vice. Thus, for a given circuit 
with a specified I^, such as shown 
in Fig. 175, minimum energy is 
obtained with the lower resist¬ 
ance in series with the inductor 
(because a lower Yqq is needed to 
establish I^). 


Example 2: The circuits shown 
in Fig. 176 demonstrate the dif¬ 
ference between cases 3 and 4. 

The circuit of Fig. 176(a) rep¬ 
resents a turn-off condition after 
the circuit has reached steady 
state (because IqR = Vcc)- There¬ 
fore, this circuit corresponds to 
case 4. 


Vcc»70Y 


Vcc»70V 


>R=2on 


Xo 


0.5A|f Io«3.5Aj^ 


2L«40 mH 

rvOVs^sov 


>R=in 


|L « 40mH 


fVs) V$«80V 


(a) 

E»I/ 2 L 1 o^M 

IqR'Vcc 


(b) 

E*I/2Llo^‘<3 

IqR^Vjc 


Figure 176. Circuits used in Example 2 to 
show the difference between cases 3 and 4. 

The circuit of Fig. 176(b) rep¬ 
resents a turn-off condition be¬ 
fore the circuit has reached 
steady state (because loR < Vcc)* 
Therefore, this circuit corre¬ 
sponds to case 3. 


The energy requirement for the 
circuit of Fig. 176(a) is calcu¬ 
lated as follows: The ratio Ycc/ 
V, == 70/80 = 0.875. The corre¬ 
sponding k 4 multiplying factor 
(from Fig. 173) is approximately 
1.6. The energy E 4 is then given 

by 

E 4 = (1/2) L lo^ 

= (1/2) (40 X 10-^) (3.5)2 (1.6) 
= 400 millijoules 

[Calculation of E 4 directly from 
Eq. (185) yields a value of 393 
millijoules.] 

To find the energy requirement 
for the circuit of Fig. 176(b) 
both the Vcc/Vg ratio and the 
IoR/V(^o ratio must be used. The 
Vcc/^s ratio is again 0.875. The 
ratio loR/Vcc = 3.5/70 = 0.05. 
From Fig. 173 the interpolated 
value for k^ is approximately 6.5. 
From Eq. (184a), the energy for 
this circuit is determined as fol¬ 
lows : 

E 3 = (1/2) L lo k 3 

= 1/2 (40 X 10-3) ( 3 ^ 5)2 (6.5) 

= 1590 millijoules 

[Calculation of E-^ directly from 
Eq. (184) yields a value of 1570 
millijoules.] 

It should be noted that the en¬ 
ergy requirement for the circuit 
of Fig. 176(b) is considerably 
larger than L The expression 
L 1^2 Qniy represents the maxi¬ 
mum that occurs when I^R = Yqg 
(as in case 4). 

Example 3: The circuit shown 
in Fig. 177 is an example of case 
5 because there is no battery volt¬ 
age in series with L and the 
diodes. When the switch is 
opened, current circulates in the 
loop consisting of R, L, and the 
diodes, until the energy stored in 
L is dissipated. 
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R>4a 


Io = 5A 


J.vj 


340 mH 


SWITCH^ 


;vo = iv 
/Z2 = 50V 

.V 2 , = 50 V 
Vs = 101 V 


Figure 177. Circuits used in Example 3 to 
demonstrate the use of case-5 equations. 


The problem is to find the en¬ 
ergy dissipated in each of the 
diodes. It is assumed that the for¬ 
ward diode voltage Vi> remains 
constant at 1 volt during the 
switching transient. 

The multiplying factor k 5 can 
be obtained from l^R/Y^ and Fig. 
174. The ratio loR/V, = 20/101, or 
approximately 0.2; from Fig. 174, 
the corresponding value of ks is 
0.88. Therefore, the energy dissi¬ 
pated by the diode combination 
is given by 

E 5 = (1/2) L Io %5 

= 1/2 (40 X 10-^) (5)2 (0.88) 

= 445 millijoules 

Because the same current flows 
through each of the diodes, the 
energy divides in proportion to 
the voltage drop. Therefore, the 
energy dissipated in each diode 
is given by 


E 


Z1 = 


Vzi 

Viji + Vz2 + Vi.) 


X E., 


50TWn^445mJ= 220mJ 


Ed 


Vd 

Vzi + Vz 2 + Vd 


X E 5 


1 

50 + 50 -f 1 


X 445 mJ = 5 mJ 


Example 4: Fig. 178(a) shows 
a typical power-inverter circuit. 
The problem is to find the energy 
requirement for transistor Qi. At 
the instant that Qi turns off, the 
circuit can be represented by the 
equivalent circuit shown in Fig. 
178(b). 

The following parameter values 
are assumed for this example: 


Ll = 100 microhenries 
lo = 15 amperes 
Ra = 0.2 ohm 
Ve = 40 volts 
LVcex = 100 volts 

The base-turnoff voltage 
VBE(off) base-circuit re¬ 

sistance Rb establish the value of 
100 volts for the breakdown volt¬ 
age LVcex of Qi (or Vg). The in¬ 
duced voltage from the Q 2 side of 
the inverter approaches Ve and is 
assumed to be equal to Ve. Rg 
resents the cumulative series re¬ 
sistance in the collector circuit, 
and Ll represents all leakage and 
uncommutated inductance. 

The circuit of Fig. 178(b) is 
similar to case 3. The equivalent 
circuit is shown in Fig. 178(c). 

First the ratios Vcc/V^ and 
I^R/Vcc are calculated as fol¬ 
lows : 


50 


50 4 - 50 + 1 


X 445 mJ = 220 mJ 


E 7 


X Er. 


Vcr/Vs = 80/100 = 0.8 


loR/Vcc 


(15) (0.2) 


Vzi + Vz2 + Vj) 


80 
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(0 

Figure 178. Typical power Inverter circuit and equivalent circuits used In Example 4 
as an application of case-3 equations. 


q A 

loR/Vcc = ^ = 0.0375 


Then interpolating from Fig. 
173, the value of kg, which is 4.5, 
is obtained. The energy Eg for the 
circuit is then given by 

E 3 = (1/2) L Io2 ks 

= (1/2) (100 X 10-6) (15)2 (4.5) 
= (50 X 10-6) (225) (4.5) 

= 51 milli joules 

[Calculating Eg directly from Eq. 
(184) gives 46 millijoules.] 


The energy requirement for the 
transistor Qi in Fig. 178 (a), there¬ 
fore, is almost five times the value 
that would be estimated by use of 
the simple energy relation ( 1 / 2 ) 
L and it has been determined 
that Qi must handle approxi¬ 
mately 50 millijoules in the 
LVcex mode for each cycle of in¬ 
verter operation. 

This type of calculation pro¬ 
vides a conservative estimate of 
the LVcEx-mode energy require¬ 
ment, because the finite switch¬ 
ing times of Qi allow some of the 
energy to be dissipated in the ac¬ 
tive region. 
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rn HE current and voltage rela- 
tionships for silicon rectifiers 
vary for different types of circuit 
configurations. The particular cir¬ 
cuit in which a rectifier is used is 
chosen on the basis of the require¬ 
ments for a specific application. 

Silicon rectifiers are used in a 
continually broadening range of 
applications. Originally developed 
for use in such equipments as dc- 
to-dc converters, battery chargers, 
mobile power supplies, radio and 
TV transmitters, and electroplat¬ 
ing service, silicon rectifiers are 
also used in power supplies for 
radio and television receivers and 
phonograph amplifiers, as well as 
in such applications as line-type 
modulators, hold-off and charging 
diodes, pulse-forming networks, 
and brushless alternators. They 
are also being used in many air¬ 
craft applications because of their 
small size, light weight, and high 
efficiency. 

The most suitable type of recti¬ 
fier circuit for a particular appli¬ 
cation depends on the dc voltage 
and current requirements, the 
amount of rectifier ‘‘ripple'' (un¬ 
desired fluctuation in the dc output 
caused by an ac component) that 
can be tolerated in the circuit, and 
the type of ac power available. 
Figs. 179 through Fig. 185 show 
seven basic rectifier configurations. 
(Filters used to smooth the recti¬ 
fier output are not shown for each 
circuit, but are discussed later.) 


Rectification 


These illustrations also include the 
output-voltage waveforms for the 
various circuits and the current 
waveforms for each individual rec¬ 
tifier in the circuits. Ideally, the 
voltage waveform should be as flat 
as possible (i.e., approaching al¬ 
most pure dc). A flat curve indi¬ 
cates a peak-to-average voltage 
ratio of one. 

The single-phase half-wave cir¬ 
cuit shown in Fig. 179 delivers 
only one phase of current for each 
cycle of ac input voltage. As shown 
by the current waveform, the 



Figure 179. Single-phase half-wave circuit. 


single rectifier conducts the entire 
current flow. This type of circuit 
contains a very high percentage 
of output ripple. 

Fig. 180 shows a single-phase 
full-wave circuit that operates 
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from a center-tapped high-voltage 
transformer winding. This circuit 
has a lower peak-to-average volt¬ 
age ratio than the circuit of Fig. 
179 and about 65 per cent less 
ripple. Only 50 per cent of the 
total current flows through each 
rectifier. This type of circuit is 
widely used in television receivers 
and large audio amplifiers. 




Figure 180. Single-phase full-wave circuit 
with center-tapped power transformer. 


The single-phase full-wave 
bridge circuit shown in Fig. 181 
uses four rectifiers, and does not 
require the use of a transformer 
center-tap. It can be used to sup¬ 
ply twice as much output voltage 
as the circuit of Fig. 180 for the 
same transformer voltage, or to 
expose the individual rectifiers to 
only half as much peak reverse 
voltage for the same output volt¬ 
age. Only 50 per cent of the total 
current flows through each recti¬ 
fier. This type of circuit is popular 
in amateur transmitter use. 

The three-phase circuits shown 
in Figs. 182 through 185 are usu¬ 
ally found in heavy industrial 
equipment such as high-power 
transmitters. The three-phase 



Figure 181. Single-phase full-wave circuit 
without center-tapped power transformer 
(i.e., bridge-rectifier circuit). 


Y half-wave circuit shown in Fig. 
182 uses three rectifiers. This cir¬ 
cuit has considerably less ripple 
than the circuits discussed above. 
In addition, only one-third of the 
total output current flows through 
each rectifier. 

Fig. 183 shows a three-phase 
full-wave bridge circuit which 
uses six rectifiers. This circuit de¬ 
livers twice as much voltage out¬ 
put as the circuit of Fig. 182 for 
the same transformer conditions. 
In addition, this circuit, as well 
as those shown in Figs. 184 and 
185, has an extremely small per¬ 
centage of ripple. 

In the six-phase ‘‘star’’ circuit 
shown in Fig. 184, which also uses 
six rectifiers, the least amount of 
the total output current (one- 
sixth) flows through each output 
rectifier. The three-phase double- 

Y and interphase transformer cir¬ 
cuit shown in Fig. 185 uses six 
half-wave rectifiers in parallel. 
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0 


U— 
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Figure 182. Three-phase “Y” half-wave circuit. 


This arrangement delivers six cur¬ 
rent pulses per cycle and twice as 
much output current as the circuit 
shown in Fig. 182. 

Table XII lists voltage and cur¬ 
rent ratios for the circuits shown 
in Figs. 179 through 185 for re¬ 
sistive or inductive loads. These 
ratios apply for sinusoidal ac in¬ 
put voltages. It is generally rec¬ 
ommended that inductive loads 
rather than resistive loads be used 
for filtering of rectifier current, 
except for the circuit of Fig. 179. 
Current ratios given for inductive 
loads apply only when a filter 


choke is used between the output 
of the rectifier and any capacitor 
in the filter circuit. Values shown 
do not take into consideration 
voltage drops which occur in the 
power transformer, the silicon rec¬ 
tifiers, or the filter components 
under load conditions. When a par¬ 
ticular rectifier type has been se¬ 
lected for use in a specific circuit. 
Table XII can be used to deter¬ 
mine the parameters and charac¬ 
teristics of the circuit. 

In Table XII, all ratios are 
shown as functions of either the 
average output voltage or the 



Figure 183. Three-phase “Y” full-wave circuit. 
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Table XII—Voltage and Current Ratios for Rectifier Circuits Shown 
in Figs. 179 Through 185. Fig. 179 Uses a Resistive Load, and Figs. 
180 Through 185 an Inductive Load 

CIRCUIT RATIOS 179 Fig. 180 Fig. 181 Fig. 182 Fig. 183 Fig. 184 Fig. 185 


Output Voltage: 


Average . 

Eav 

Eav 

Eav 

Eav 

Eav 

Eav 

Eav 

Peak (x Eav) . 

3.14 

1.57 

1.57 

1.21 

1.05 

1.05 

1.05 

RMS (x Eav) . 

1.57 

1.11 

1.11 

1.02 

1.00 

1.00 

1.00 

Ripple (%) . 

121 

48 

48 

18.3 

4.3 

4.3 

4.3 

Input Voltage (RMS) : 

Phase (x Eav) . 

2.22 

1.11* 

1.11 

0.855* 

0.428* 

0.74* 

0.855* 

Line-to-Line (x Eav) 

2.22 

2.22 

1.11 

1.48 

0.74 

1.48 t 

1.71$ 

Average Output (Load) 

Current . 

lav 

lav 

lav 

lav 

lav 

lav 

lav 

RECTIFIER CELL RATIOS 

Forward Current: 

Average (x Lv) ... 

1.00 

0.5 

0.5 

0.333 

0.333 

0.167 

0.167 

RMS (x lav) : 

resistive load .... 

1.57 

0.785 

0.785 

0.587 

0.579 

0.409 

0.293 

inductive load .... 

— 

0.707 

0.707 

0.578 

0.578 

0.408 

0.289 

Peak (x lav) : 

resistive load .... 

3.14 

1.57 

1.57 

1.21 

1.05 

1.05 

0.525 

inductive load .... 

— 

1.00 

1.00 

1.00 

1.00 

1.00 

0.500 

Ratio peak to average: 

resistive load .... 

3.14 

3.14 

3.14 

3.63 

3.15 

6.30 

3.15 

inductive load .... 

— 

2.00 

2.00 

3.00 

3.00 

6.00 

3.00 

Peak Reverse Voltage: 

X Eav . 

3.14 

3.14 

1.57 

2.09 

1.05 

2.42 

2.09 

X Ernis . 

1.41 

2.82 

1.41 

2.45 

2.45 

2.83 

2.45 

* to center tap • to neutral 

t maximum value 

t maximum 

value, no load 


average dc output current 
both of which are expressed as 
unity for each circuit. In practical 
applications, the magnitudes of 
these average values will, of 
course, vary for the different cir¬ 
cuit configurations. 

FILTERING 

Filter circuits are generally 
used to smooth out the ac ripple in 
the output of a rectifier circuit. 
Filters consist of two basic types, 
inductive ''choke'' input and ca¬ 
pacitive input. Combinations and 
variations of these types are often 
used; some typical filter circuits 
are shown in Fig. 186. 

The simplest of these filtering 
circuits is the capacitive input. 


This type of filtering is most often 
used in low-current circuits in 
which a fairly large amount of 
ripple can be tolerated. Such cir¬ 
cuits are usually single-phase, 
half-wave or full-wave. In this 
type of filter, the capacitor charges 
up to approximately the peak of 
the input voltage on each half¬ 
cycle that a rectifier conducts. The 
current into the load is then sup¬ 
plied from the capacitor rather 
than from the power supply until 
the point in the next half-cycle 
when the input voltage again 
equals the voltage across the ca¬ 
pacitor. A rectifier circuit that 
uses a smoothing capacitor and the 
voltages involved are shown in 
Fig. 187. 

Higher average dc output volt- 
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CHOKE-INPUT 
TYPE FILTER 


CAPACITOR-INPUT 
TYPE FILTER 


CAPACITOR 

FILTER 



L= FILTER CHOKE C-FILTER CAPACITOR 



ages and currents can be obtained 
from this type of circuit by the 
use of larger capacitors. A larger 
capacitor also tends to reduce the 
ripple. However, care must be 
taken that the capacitor is not so 
large that excessive peak and rms 
currents cause overheating of the 
rectifier. The effects of capaci¬ 
tive loading on a rectifier circuit 
are discussed in detail in the sec¬ 
tion on Capacitive-Load Circuits. 

The next simplest filter is the 
inductive input filter. This filter 
performs the same function as a 
capacitive input filter in that it 
smooths the load current by stor¬ 
ing energy during one part of the 
cycle and releasing it to the load 
during another part of the cycle. 
However, the inductor acts in a 
different way by extending the 
time during which current is 
drawn from a rectifier. When a 
smoothing inductor is used in 
series with a full-wave rectifier 
circuit, the conduction period of 
each rectifier may be extended so 
that conduction does not stop in 
one rectifier until the other recti¬ 
fier starts conducting. As a result 
of this spreading action, any in¬ 
crease in inductance to reduce rip¬ 
ple results in a decrease in the 


average output voltage and cur¬ 
rent. 

The smoothing capabilities of 
capacitors and inductors can be 
combined as shown in the other 
filters of Fig. 186 to take advan¬ 
tage of the best feature of each. 
Filters which provide maximum 
output and minimum ripple and 
use reasonably small components 
can thus be designed. 



Figure 187. Bridge-rectifier circuit with 
capacitor input filter. 
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CAPACITIVE-LOAD CIRCUITS 

When rectifiers are used in cir¬ 
cuits with capacitive loads, the 
rectifier current waveforms may 
deviate considerably from their 
true sinusoidal shape. This devia¬ 
tion is most evident for the peak- 
to-average-current ratio, which is 
somewhat higher than that for a 
resistive load. For this reason, 
capacitive-rating calculations are 
generally more complicated and 
time-consuming than those for re¬ 
sistive-load rectifier circuits. How¬ 
ever, the simplified rating system 
described below allows the de¬ 
signer to calculate the characteris¬ 
tics of capacitive-load rectifier cir¬ 
cuits quickly and accurately. 

Fig. 188 shows typical half¬ 
wave and voltage-doubling recti- 




Figure 188. Typical rectifier circuits using 
capacitive loads: (a) half-wave rectifier 
circuit; (b) voltage doubler. 

fier circuits that use capacitive 
loads. In such circuits, the low 
forward voltage drop of the sili¬ 
con rectifiers may result in a very 


high surge of current when the 
capacitive load is first energized. 
Although the generator or source 
impedance may be high enough to 
protect the rectifier, additional re¬ 
sistance must be added in some 
cases. The sum of this resistance 
plus the source resistance is re¬ 
ferred to as the total limiting 
resistance Rg. The magnitude of 
Rg required for protection of the 
rectifier may be calculated from 
surge rating charts such as those 
shown in Figs. 189 and 190. Each 
point of these curves defines a 
surge rating by indicating the 
maximum time for which the de¬ 
vice can safely carry a specific 
value of rms current. 



SURGE DURATION—S 

Figure 189. Universal surge rating charts 
for RCA rectifiers. 
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Figure 190. Typical coordination chart for 
determination of fusing requirements: Curve 
A—surge rating for 20-ampere rectifier; 
Curve B—expected surge current in half¬ 
wave circuit; Curve C—opening character¬ 
istics of protective device; Curve D—result¬ 
ing surge current in modified circuit. 


With a capacitive load, maxi¬ 
mum surge current occurs if the 
circuit is switched on when the 
input voltage is near its peak 
value. When the time constant 
RgC of the surge loop is much 
smaller than the period of the in¬ 
put voltage, the peak current Ipeak 
is equal to the peak voltage Epeak 
divided by the limiting resistance 
Rg, and the resulting surge ap¬ 
proximates an exponentially de¬ 
caying current with the time con¬ 
stant RgC. 

Surge-current ratings for recti¬ 
fiers are often given in terms of 
the rms value of the surge current 
and the time duration t of the 
surge. For rating purposes, the 
surge duration t is defined by the 
time constant RgC. The rms surge 
current I,.mg is then approximated 
by the following equations: 


Irms = 0.7 (EpeakC/RsC) 

= 0.7 (EpeakC/t) (187) 

and 

Jrmst = 0.7 Epeak C (188) 


where Ep^j^^ ai^d C are the values 
specified by the circuit design. 
This equation may then be plotted 


on the surge-rating chart, which 
has axes labeled Irms ^ind t. Be¬ 
cause RgC is equal to t, any given 
value of Rg defines a specific time 
t, and hence a specific point on the 
plot of the equation for Irms t. 
However, Rg must be large enough 
to make this point fall below the 
rating curve for the rectifier used. 

The following example illus¬ 
trates the use of this simplified 
procedure for the half-wave recti¬ 
fier circuit shown in Fig. 188(a), 
which has a frequency f of 60 
Hz and a peak input voltage Epeak 
of 4950 volts. The values shown 
for Epeak C are substituted in 
the equation for Ijmst as follows: 

Irmst = 0.7 (4950) (2.5 X 10"®) 

= 0.0086 

When this value is plotted on the 
surge-rating chart of Fig. 191, the 
resulting line intersects the recti¬ 
fier rating curve at 3.3 x 10~^ sec¬ 
ond. The minimum limiting resis¬ 
tance which affords adequate 
surge protection is then calculated 
as follows: 

RsC > 3.3 X 10-4 

^3.3X10-4 , 

Rs > -^ = 132 ohms 

2.5 X 10-® 



Figure 191. Surge rating chart for stack 
rectifier CR210. 

Therefore the value of 150 ohms 
shown for Rg in Fig. 188(a) pro¬ 
vides adequate surge-current pro¬ 
tection for the rectifier. 
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The design of rectifier circuits 
having capacitive loads often re¬ 
quires the determination of recti¬ 
fier current waveforms in terms of 
average, rms, and peak currents. 
These waveforms are needed for 
calculation of circuit parameters, 
selection of components, and 
matching of circuit parameters 
with rectifier ratings. Although 
actual calculation of rectifier cur¬ 
rent is a rather lengthy process, 
the current-relationship charts 
shown in Figs. 192 and 193 can be 
used to determine peak or rms 
current if the average current is 
known, or vice versa. 

The ratios of peak-to-average 
current (I^^vak/Iav) rms-to- 

average current (Irms/Iav) 
shown in Fig. 177 as functions of 
the circuit constants ncoCRj, and 
R^nRi^. The quantity coCRl is the 
ratio of resistive-to-capacitive re¬ 
actance in the load, and the quan¬ 
tity Rs/Rl is the ratio of the 


limiting resistance to the load re¬ 
sistance. The factor n, referred to 
as the “charge factor,” is simply 
a multiplier which allows the chart 
to be used for various circuit con¬ 
figurations. The value of n is equal 
to unity for half-wave circuits, to 
0.5 for doubler circuits, and to 2 
for full-wave circuits. (These 
values actually represent the rela¬ 
tive quantity of charge delivered 
to the capacitor on each cycle.) 

In many silicon rectifier cir¬ 
cuits, Rs may be neglected when 
compared with the magnitude of 
Rl- In such circuits, the calcula¬ 
tion of rectifier currents is simpli¬ 
fied by use of Fig. 193, which gives 
current ratios under the limitation 
that Rs/Rl approaches zero. Even 
if this condition is not fully satis¬ 
fied, the use of Fig. 193 merely 
indicates a higher peak and higher 
rms current than will actually flow 
in the circuit, i.e., the rectifiers 
will operate more conservatively 
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Figure 192. Relationship of peak, average, and rms rectifier currents in capacitor-input 

circuits. 
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EFFECTIVE RATIO OF RESISTIVE TO CAPACITIVE IMPEDANCE (nuCR) 

Figure 193. Forward-current ratios for rectifiers in capacitor-input circuits in which Rs 

is much less than 1/C. 


than calculated. As a result, this 
simplified solution can be used 
whenever a rough approximation 
or a quick check is needed on 
whether a particular rectifier will 
fit a specific application. When 
more exact information is needed, 
the chart of Fig. 192 should be 
used. 

Average output voltage E^v is 
another important quantity in ca¬ 
pacitor-input rectifier circuits be¬ 
cause it can be used to determine 
average output current lav The 
relationships between input and 
output voltages for half-wave, 
voltage-doubler, and full-wave cir¬ 
cuits are shown in Figs. 194, 195, 
and 196, respectively. Fig. 197 
shows curves of output ripple volt¬ 
age (as a percentage of Eav) for 
all three types of circuits. 

The following example illus¬ 
trates the use of these curves in 
rectifier-current calculations. Both 
exact and approximate solutions 
are given. For the half-wave cir¬ 
cuit of Fig. 188(a), the resistive- 
to-capacitive reactance wCRl is 
given by 

coCRl = 27r X 60 X 2.5 XX 200,000 
= 189 


For an exact solution using Fig. 
192, the ratio of Rg to Rl is first 
calculated as follows: 


Rl 200,000 



Figure 194. Relationship of applied ac 
peak voltage to do output voltage in half¬ 
wave capacitor-input circuit. 
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Figure 197. RMS ripple voltage in capacitor-input circuits. 


The values for coCRj, and Rg/I^L 
are then plotted in Fig. 194 to de¬ 
termine the average output volt¬ 
age Eav and the average output 
current I^v as follows: 

Eav/Epeak = 98 per cent 

Eav = 0.98 X 4950 = 4850 volts 

lav ~ Eav/Rn 

lav = 4850 volts/200,000 ohms 
= 24.2 milliamperes 

This value of lav is then substi¬ 
tuted in the ratio of Irms/Iav ob¬ 
tained from Fig. 192, and the 
exact value of rms current Irms in 
the rectifier is determined as fol¬ 
lows : 

Irms/Iav — 4.4 
Irms = 4.4 X 24.2 

= 107 milliamperes. 

For a simplified solution using 
Fig. 193, it is assumed that the 


average output current lav is ap¬ 
proximately equal to the peak in¬ 
put voltage Epeak divided by the 
load resistance Rj,, as follows: 

lav “ Epeak/RL 

lav = 4950/200,000 
= 24.7 milliamperes 

This value of lav is then substi¬ 
tuted in the ratio of Imis/Iav ob¬ 
tained from Fig. 193, and the 
approximate rms current is de¬ 
termined, as follows: 

Irms/Iav ~ 5.7 

Irms = 5.7 X 24.7 

= 141 milliamperes 

Current-versus-temperature rat¬ 
ings for rectifiers are usually 
given in terms of average current 
for a resistive load with 60-Hz 
sinusoidal input voltage. When the 
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ratio of peak-to-average current 
becomes higher (as with capaci¬ 
tive loads), however, junction 
heating effects become more and 
more dependent on rms current 
rather than average current. 
Therefore, capacitive-load ratings 
should be obtained from a curve 
of rms current as a function of 
temperature. Because the ratio of 
rms-to-average current for the 


rated service is 1.57 (as shown by 
Irms/Iav low coCR on Figs. 192 
and 193), the current axis of the 
average-current rating curves for 
a sinusoidal source and resistive 
load can be multiplied by 1.57 to 
convert the curves to rms rating 
curves. Fig. 198 shows an example 
of this conversion for EGA stack 
rectifier rating curves. 



Figure 198. Current-temperature ratings for silicon stack rectifiers. 
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Power 

Conversion 


I N many applications, the op¬ 
timum value of voltage is not 
available from the primary 
power source. In such instances, 
dc-to-dc converters or dc-to-ac 
inverters may be used, with or 
without regulation, to provide 
the optimum voltage for a given 
circuit design. 

An inverter is a power-con- 
version device used to transform 
dc power to ac power. If the ac 
output is rectified and filtered 
to provide dc again, the over-all 
circuit is referred to as a con¬ 
verter. The purpose of the conver¬ 
ter is then to change the magni¬ 
tude of the available dc voltage. 

Power-conversion circuits, both 
inverters and converters, consist 
basically of some type of "‘chop- 
per,'' which is used to develop a 
wave shape that is acceptable to 
a transformer, and the trans¬ 
former. The design of the trans¬ 
former is an important consid¬ 
eration because this component 
determines the size and frequency 
of the converter (or inverter), 
influences the amount of regula¬ 
tion required after the conversion 
or inversion is completed, and 
provides the transformation ratio 
necessary to assure that the de¬ 
sired value of output voltage is 


delivered to the load circuit. The 
chopping or switching function in 
the inverter circuit is usually per¬ 
formed by high-speed transistors 
or SCR's connected in series with 
the primary winding of the out¬ 
put transformer. 

Inverters may be used to drive 
any equipment which requires an 
ac supply, such as motors, ac 
radios, television receivers, or 
fluorescent lighting. In addition, 
an inverter can be used to drive 
electromechanical transducers in 
ultrasonic equipment, such as 
ultrasonic cleaners and sonar de¬ 
tection devices. Similarly, convert¬ 
ers may be used to provide the op¬ 
erating voltages for equipment 
that requires a dc supply. 

Transistor and SCR inverters 
can be made very light in weight 
and small in size. They are also 
highly .efficient circuits and, un¬ 
like their mechanical counterparts, 
have no moving components. 

TRANSISTOR INVERTERS 

Several types of transistor cir¬ 
cuits may be used to convert a 
steady-state dc voltage into either 
an ac voltage (inversion) or an¬ 
other dc voltage (conversion). The 
simplest converter circuit is the 
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blocking-oscillator, or ringing- 
choke, power converter which con¬ 
sists of one transistor and one 
transformer. More complex cir¬ 
cuits use two transistors and one 
or two transformers. 

Basic Circuit Configurations 

Fig. 199 shows the basic circuit 
configuration for a ringing-choke 
dc-to-dc converter. In this con¬ 
verter, a blocking oscillator (chop¬ 
per circuit) is transformer- 
coupled to a half-wave rectifier 



Figurfe 199. Basic circuit configuration for 
a ringing-choke dc-to-dc converter. 

type of output circuit. The recti¬ 
fier converts the pulsating oscilla¬ 
tor output into a fixed-value dc 
output voltage. 

When the oscillator transistor 
conducts (as a result of either 
a forward bias or external 
drive), energy is transferred to 
the collector inductance pre¬ 
sented by the primary winding 
of transformer Ti. The voltage 
induced across the transformer 
feedback winding connected to 
the transistor base through re¬ 
sistor Rr increases the conduc¬ 
tion of Qi until the transistor is 
driven into saturation. The recti¬ 
fier diode CRi in series with the 
secondary winding of trans¬ 
former T] is oriented so that no 
power is delivered to the load 


circuit during this portion of the 
oscillator cycle. 

With transistor in satu¬ 
ration, the collector current 
through the primary inductance 
of transformer T^ rises linearly 
with time (—di/dt = E/L) until 
the base drive supplied by the 
transformer feedback winding 
can no longer maintain in 
saturation. As the current 
through Qi decreases from the 
saturation level, the voltage in¬ 
duced into the feedback winding 
decreases, and transistor is 
rapidly driven beyond cutoff. 
The energy stored in the collec¬ 
tor inductance (primary of trans¬ 
former Ti) is released by the 
collapsing magnetic field and 
coupled by the secondary wind¬ 
ing of transformer Ti, through 
rectifier diode CRi, to the load 
resistance Rl and filter capaci¬ 
tor Cl. The filter capacitor stores 
the energy it receives from the 
collector inductance. When no 
current is supplied to the load 
circuit from the oscillator (i.e., 
during conduction of transistor 
Qi), capacitor Ci supplies cur¬ 
rent to the load resistance Rj, 
to maintain the output voltage 
at a relatively constant value. The 
switching action of rectifier diode 
CRi prevents any decrease of the 
energy stored by capacitor Ci be¬ 
cause of the negative pulse coupled 
from the oscillator during the 
periods that transistor Qi con¬ 
ducts. 

The operating efficiency of the 
ringing-choke inverter is low, and 
the circuit, therefore, is used pri¬ 
marily in low-power applications. 
In addition, because power is de¬ 
livered to the output circuit for 
only a small fraction of the os¬ 
cillator cycle (i.e., when is 
not conducting), the circuit has 
a relatively high ripple factor 
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which substantially increases 
output filtering requirements. 
This converter, however, pro¬ 
vides definite advantages to the 
system designer in terms of design 
simplicity and compactness. 

The push-pull switching inver¬ 
ter is probably the most widely 
used type of power-conversion cir¬ 
cuit. For inverter applications, 
the circuit provides a square-wave 
ac output. When the inverter is 
used to provide dc-to-dc conver¬ 
sion, the square-wave voltage is 
usually applied to a full-wave 
bridge rectifier and filter. Fig. 
200 shows the basic configuration 
for a push-pull switching conver¬ 
ter. The single saturable trans¬ 
former controls circuit switching 
and provides the desired voltage 
transformation for the square- 
wave output delivered to the 
bridge rectifier. The rectifier and 
filter convert the square-wave 
voltage into a smooth, fixed-ampli¬ 
tude dc output voltage. 

When the voltage Vcc is applied 
to the converter circuit, current 
tends to flow through both switch¬ 
ing transistors Qi and Q 2 . It is 
very unlikely, however, that a per¬ 
fect balance can be achieved be¬ 
tween corresponding active and 


passive components of the two 
transistor sections; therefore, the 
initial flow of current through 
one of the transistors is slightly 
larger than that through the 
other transistor. If transistor Qi 
is assumed to conduct more heav¬ 
ily initially, the rise in current 
through its collector inductance 
causes a voltage to be induced in 
the feedback windings of trans¬ 
former Ti which supply the base 
drive to transistors Qi and Q 2 . 
The base-drive voltages are in the 
proper polarity to increase the 
current through Qi and to de¬ 
crease the current through Q 2 . As 
a result of regenerative action, 
the conduction of Qi is rapidly 
increased, and Q 2 is quickly driven 
to cutoff. 

The increased current through 
Qi causes the core of the collec¬ 
tor inductance to saturate. The 
inductance no longer impedes the 
rise in current, and the transistor 
current increases sharply into the 
saturation region. For this con¬ 
dition, the magnetic field about the 
collector inductance is constant, 
and no voltage is induced in the 
feedback windings of transformer 
Ti. With the cutoff base voltage 
removed, current is allowed to flow 



Figure 200. Basic circuit configuration of a single-transformer push-pull switching 

converter. 
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through transistor Q 2 . The in¬ 
crease in current through the col¬ 
lector inductance of this transis¬ 
tor causes voltages to be induced 
in the feedback windings in the 
polarity that increases the current 
through Q 2 and decreases the cur¬ 
rent through Qi. This effect is 
aided by the collapsing magnetic 
field about the collector inductance 
of Qi that results from the de¬ 
crease in current through this 
transistor. The feedback voltages 
produced by this collapsing field 
quickly drive Qj beyond cutoff and 
further increase the conduction of 
Q 2 until the core of the collector 
inductance for this transistor 
saturates to initiate a new cycle 
of operation. The square wave of 
voltage produced by the switching 
action of transistors Qi and Q 2 
is coupled by transformer Ti to 
the bridge rectifier and filter, 
which develop a smooth, constant- 
amplitude dc voltage across the 
load resistance Rl- The small 
ripple produced by the square 
wave greatly simplifies filter re¬ 
quirements. 

Push-pull transformer-coupled 
converters with full-wave rectifi¬ 
cation provide power to the load 
continuously and are, therefore, 
well suited for low-impedance, 
high-power applications. Although 
not as economical as the ringing- 
choke design, the push-pull con¬ 
figuration provides higher effi¬ 
ciency and improved "regulation. 

Fig. 201 shows a four-tran^is- 
tor, single-transformer bridge 
configuration that is often used 
in inverter or converter applica¬ 
tions. In this type of circuit, 
the primary winding of the out¬ 
put transformer is simpler and 
the breakdown-voltage require¬ 
ments of the transistors are re¬ 
duced to one-half those of the 



Figure 201. Basic circuit configuration of 
a four-transistor, single-transformer 
bridge inverter. 


transistors in the push-pull con¬ 
verter shown in Fig. 200. 

Fig. 202 shows the schematic 
diagram for a two-transistor, two- 
transformer converter. In this 
circuit, a small saturable trans¬ 
former provides the base drive 
for the switching transistors, and 
a nonsaturable output transformer 
provides the coupling and desired 
voltage transformation of the out¬ 
put delivered to the load circuit. 
With the exception that it uses 
a separate saturable transformer, 
rather than feedback windings on 
the output transformer, to provide 
base drive for the transistors, this 
converter is very similar in its 
operation to the basic push-pull 
converter shown in Fig. 200. The 
saturable-transformer technique 
may also be applied in the de¬ 
sign of a bridge converter, as 
shown in Fig. 203. 

Transformer Considerations 

The selection of the proper core 
material in the design of a trans¬ 
former to be used in an inverter 
depends on the power-handling re¬ 
quirements, operating frequency, 
and operating temperature of the 
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Figure 202. Basic circuit configuration of a two-transformer push-pull switching converter. 


SATURABLE 



Figure 203. Basic configuration of a four- 
transistor bridge inverter that uses a 
saturable output transformer. 

inverter. For high-frequency ap¬ 
plications, the ferrite core is su¬ 
perior to the iron type in both 
performance and economy. Even 
at low frequencies, ferrite cores 
may be more economical because 
the iron type must be made in 
thin laminations or in the form 
of a tape-wound toroid. 

Power loss in ferrite is ap¬ 
proximately a linear function of 
frequency up to 40 kHz. Above 
this frequency, eddy-current 
losses decrease the efficiency of 
most ferrites. Laminated iron 
cores are normally restricted to 
frequencies below 10 kHz. 

The operating temperature of 
the transformer is an important 
consideration in the choice of the 


particular ferrite core. For many 
ferrite cores, the Curie tempera¬ 
ture is low. The manufacturer's 
data on ferrite material indicate 
the maximum operating tempera¬ 
ture which, together with the 
variation in flux density as a 
function of temperature and the 
desired flux density (B), must be 
considered to select the proper 
core. 

Another important considera¬ 
tion is the efficiency of the trans¬ 
former. The transformer effi¬ 
ciency desired can be used to 
obtain an approximation of allow¬ 
able magnetic power. Pm, dissi¬ 
pated by the transformer. When 
Pm and the core loss factor are 
known, the maximum volume of 
core material which can be used 
is estimated. The core loss factor 
at the operating frequency is ob¬ 
tained from the manufacturer's 
data. 

The remaining design consid¬ 
erations follow the conventional 
rules of transformer design. The 
size of the wire must be large 
enough to ensure that copper 
losses are low. The selection is 
made on the basis of a 50-per-cent 
duty cycle. If the wire size is too 
small, copper losses will be ap¬ 
preciable and cause an increase 
in core temperatures. In high- 
power, high-frequency inverters. 
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a large number of turns in the 
primary should be avoided to 
minimize copper losses and main¬ 
tain a low value of leakage induct¬ 
ance. Moreover, because of the 
relatively small size of the core 
and the large size of wire that 
must be used, a large number of 
turns may be physically im¬ 
possible. Good balance and close 
coupling between primaries is 
normally achieved by the use of 
bifilar windings. 

Additional Considerations 

In addition to the previous con¬ 
siderations for ringing-choke-type 
and transformer-coupled types of 
dc-to-dc converters, there are 
other factors which may require 
consideration in practical designs, 
such as starting-bias methods, the 
use of voltage-multiplication tech¬ 
niques, and maximum operating 
temperature. Excellent starting 
under heavy load conditions may 
be obtained by the use of a tran¬ 
sistor-type switch which will pro¬ 
vide a large starting bias and 
then be cut off by the buildup of 
the output voltage. It is also pos¬ 
sible to obtain satisfactory start¬ 
ing by the use of a fixed bias 
resistance, provided the value of 
this resistance is high enough so 
that it does not materially affect 
normal switching. 

For dc output voltages higher 
than those given in the particu¬ 
lar design procedure, a voltage- 
multiplier-type rectifier circuit 
may be used to avoid use of larger 
transformer step-up ratios. Al¬ 
though the use of a voltage- 
multiplier circuit results in a 
reduction in over-all efficiency, 
this condition is more acceptable 
than one which results in higher 
copper losses, magnetic-coupling 
problems, and higher core losses 


that may result from the use 
of higher transformer step-up 
ratios. 

The transistor requirements 
given later in Tables XIII through 
XVI are for operation at a case 
or flange temperature of 55°C. To 
convert case or flange tempera¬ 
ture to ambient temperature, it 
is necessary to know the thermal 
resistance between the transistor 
and free air. This resistance is 
a function of the contact resist¬ 
ance between the transistor case 
or flange and the chassis; the 
thermal resistance of any insulat¬ 
ing washer used; the size, thick¬ 
ness, and material of the chassis; 
and the method used to cool the 
chassis (for example, forced-air 
cooling, water cooling, or simple 
convection cooling). 

To assure reliable operation at 
any permissible ambient tempera¬ 
ture, care must be taken that the 
collector-junction temperature of 
the transistor is not greater than 
that specified by the manufacturer. 
The average temperature of the 
junction Tj^a,.) is equal to the 
ambient temperature plus the 
product of the average power dis¬ 
sipated in the transistor and the 
thermal resistance between junc¬ 
tion and case plus the case-to-air 
thermal resistance as indicated by 
the following equation: 

Tj(av) =Ta + Pav Gj-c + Gc-a (189) 

The average junction tempera¬ 
ture calculated by use of Eq. 
(189) is equivalent to the effec¬ 
tive case temperature Tc(eff) 
usually given on transistor safe- 
area-rating charts. The effects of 
switching on the instantaneous 
temperature must be evaluated 
by use of standard safe-area 
techniques, as described in the 
section on Safe-Area Ratings. 
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Design of Practical 
Transistor Inverters 

The design of practical inverter 
(or converter) circuits involves, 
essentially, selection of the 
proper transistors and design of 
the transformers to be used. The 
particular requirements for the 
transistors and transformers to 
be used are specified by the indi¬ 
vidual circuit design. The follow¬ 
ing paragraphs discuss the design 
of three basic inverter circuits: 
the simple one-transistor, one- 
transformer (ringing-choke) type 
and two push-pull switching con¬ 
verters (a two-transistor, one- 
transformer type and a two-tran¬ 
sistor, two-transformer type). 
The operation of each circuit is 
described, design equations are 
derived, and a sample design is 
presented. 

One-Transistor, One-Trans¬ 
former Converter —Fig. 204(a) 
shows the basic configuration for 


a practical circuit of a ringing- 
choke converter, which is basically 
a one-transistor, one-transformer 
circuit. Fig. 204(b) shows the 
waveforms obtained during an 
operating cycle. 

During the “ON'' or conduction 
period of the transistor (t^n), en¬ 
ergy is drawn from the battery 
and stored in the inductance of 
the transformer. When the tran¬ 
sistor switches OFF, this energy 
is delivered to the load. At the 
start of ton, the transistor is 
driven into saturation, and a sub¬ 
stantially constant voltage, wave¬ 
form A in Fig. 204(b), is im¬ 
pressed across the primary by the 
battery. This primary voltage 
produces a linearly increasing 
current in the collector-primary 
circuit, waveform B. This in¬ 
creasing current induces substan¬ 
tially constant voltages in the 
base windings, shown by wave¬ 
form C, and in the secondary 
winding. 



Figure 204. Ringing-choke converter circuit: (a) Schematic diagram; (b) Typical operating 
waveforms in a ringing-choke converter—(A) primary voltage; (B) primary current; 
(C) base-to-emitter voltage; (D) secondary current; (E) magnetic flux in transformer core. 
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The resulting base current is 
substantially constant and has a 
maximum value determined by the 
base-winding voltage, the external 
base resistance Rb, and the input 
conductance of the transistor. Be¬ 
cause the polarity of the secondary 
voltage does not permit the recti¬ 
fier diode to conduct, the secondary 
is open-circuited. Therefore, dur¬ 
ing the conduction period of the 
transistor ton, the load is supplied 
only by energy stored in the out¬ 
put capacitor Gout- 

The collector-primary current 
increases until it reaches a maxi¬ 
mum value Ip which is determined 
by the maximum base current and 
base voltage supplied to the tran¬ 
sistor. At this instant, the tran¬ 
sistor starts to move out of its 
saturated condition with the re¬ 
sult that the collector-primary 
current and the voltage across the 
transformer windings rapidly de¬ 
crease, and ''switch-off'' occurs. 

After the transistor has 
switched "OFF," the circuit starts 
to "ring", i.e., the energy stored 
in the transformer inductance 
starts to discharge into the stray 
capacitance of the circuit, with the 
result that the voltages across the 
primary, base, and secondary 
windings reverse polarity. These 
reverse voltages rapidly increase 
until the voltage across the sec¬ 
ondary winding exceeds the volt¬ 
age across the output capacitor. 
At this instant the diode rectifier 
starts to conduct and to transfer 
the energy stored in the induct¬ 
ance of the transformer to the 
output capacitor and load. Because 
the output capacitor tends to hold 
the secondary voltage substan¬ 
tially constant, the secondary cur¬ 
rent decreases at a substantially 
constant rate, as shown by wave¬ 
form D in Fig. 204(b). When this 


current reaches zero the transis¬ 
tor switches "ON" again, and the 
cycle of operation repeats. 

DESIGN EQUATIONS: In the 
following derivation of the equa¬ 
tions used to design the one- 
transistor, one-transformer inver¬ 
ter, all references to transformer 
windings, circuit components, volt¬ 
ages, and currents are for the cir¬ 
cuit shown in Fig. 204(a). All 
references to time periods and 
waveforms apply to those shown 
in Fig. 204(b). 

The average value of the current 
in the primary winding of the 
transformers Ip(ay) may be ex¬ 
pressed as follows: 

Ip(AV) = lout (Vout/V Vjn) (190) 

where Io„t is the load current in 
amperes, Vo„t is the dc output 
voltage in volts, r] is the circuit- 
efficiency factor as given in Table 
XIII, and Vin is the dc input volt¬ 
age in volts. 

The peak value !p of the tri¬ 
angular waveform of primary 
current, waveform B in Fig. 
204(b), is expressed by the fol¬ 
lowing equation: 

Ip = 2Ip(AV) (T/ton) 

= (2TA ton) (Vout/Vin) lout (191) 

where T = ton + toff, and is in 
seconds. 

If the saturation resistance of 
the transistor (Rsat) and the re¬ 
sistance of the primary winding 
(Rp) are sufficiently small, essen¬ 
tially the full dc input voltage 
Vio is impressed across the pri¬ 
mary during ton, and the re¬ 
quired primary inductance Lp in 
henries may be determined from 
the following relation: 

Lp (dip/dt) = Vin (192) 
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For the triangular current wave¬ 
form, waveform B in Fig. 204(b), 
the following equation relates the 
rate of change of primary cur- 
current (dip/dt) to peak current 
(Ip) and the transistor conduc¬ 
tion period t^n* 

dIp/dt = Ip/ton (193) 

When this relationship [Eq. 
(193)] is used, Eq. (192) may be 
rewritten in the following form: 

Lp = (Vi„/lp) ton (194) 

With lp defined as indicated in 
Eq. (191), the primary inductance 
Lp may then be expressed as fol¬ 
lows : 

L ^VinHon^ 

2 Vout lout T 

vjiA(hA( i\ 

2 Pout/ \TV \ f / (195) 

where f is the operating frequency 
in hertz, and is equal to 1/T. 

Before Eq. (195) can be evalu¬ 
ated, the ratio ton/T must be de¬ 
termined. From Eq. (194) the 
conduction period of the transis¬ 
tor ton is given by 

ton = Lpip/Vin (196) 

An equation for the OFF period 
(toff) can be derived from the fol¬ 
lowing relationship: 

V out ~ Lp (dis'/dt) (197) 

where 1/ is the secondary current 
referred to the primary [1/ = 
Is (Ns/Np) ], V'out is the secondary 
voltage referred to the primary 
[V'out = Vont (No/NJl, Np is 
the number of turns on the pri¬ 
mary, and Ng is the number of 
turns on the secondary. 

The derivative dl^'/dt defines 
the slope of the secondary cur¬ 


rent (referred to the primary) as 
a function of time (i.e., dl^'/dt = 
Ip/toff). The OFF period, there¬ 
fore, may be determined as fol¬ 
lows: 

toff = Lp (Ip/V'„„t) (198) 

The total period of oscillation 
(T = ton + toff), as determined 
from the summation of Eqs. 
(196) and (198), is given by the 
following equation: 

The ratio of ON time to total 
period of oscillation, therefore, 
can be expressed as follows: 



Vin 4“ V out (200) 

This relationship is used in Eq. 
(195) to obtain the following ex¬ 
pression for the required primary 
inductance: 



(Np/Ns)^ Vout^ 

Vin^ + (Np/Ns)2 
+ 2 Vin Vout (Np/Ns) J 

( 201 ) 

The required primary induct¬ 
ance Lp can also be expressed in 
terms of the maximum permissible 
flux-density swing in the trans¬ 
former core, which is given by 

Afj) _j /47r Np\ r 1 "1 

'A~ ^ \ 10 / Lli/W+la/MaJ 


( 202 ) 
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where A is the cross-sectional area 
of the core in square centimeters, 
Ij is the length of the magnetic 
path in centimeters, la is the 
length of the air gap in centi¬ 
meters, jLti is the permeability of 
the core material, and is the 
permeability of air (/>ta = !)• 

The maximum permissible flux- 
density swing may also be ex¬ 
pressed as follows: 

_ <^(re8) (203) 

AAA 

where ^(nmx) is the saturation flux 
density for the core material and 
is the residual flux density 
in the core. The primary induct¬ 
ance can be defined in terms of 
A(^ by means of the following re¬ 
lation : 

A0 = (Lp Ip/Np) X 10^ (204) 

or 

Lp = (Np A^ X 10“^)/Ip (205) 

Eqs. (202), (204), and (205) can 
be combined to provide the fol¬ 
lowing expression for the re¬ 
quired primary inductance: 

L _ A7rNpA r 1 1 

\ 10^ /Ldi/Mi) A+(la/Ma)J 

(206) 

The length of air gap 1^ should be 
adjusted to assure operation of 
the core near but not in the satura¬ 
tion region (i.e., at a maximum 
flux density slightly less than the 
saturation value for the core ma¬ 
terial used). The value of the flux 
density can be checked by means 
of Eq. (204). 

The induced voltage in the base 
windings must provide a base-to- 
emitter voltage sufficiently large 
to supply the required peak pri¬ 
mary current for any transistor 
of the type to be used in the cir¬ 


cuit. The primary voltage Vp at 
the end of the conduction time 
t<,n is expressed by the following 
equation: 

Vp = Vin — Ip (Rsat + Rp + Rsupply) 

(207) 

The required number of turns for 
the base winding is given by 


Nb=__ 

Vin Ip (Rsat “1“ Rp “1“ Rsupply) 

(208) 

Vb is chosen to be twice the neces¬ 
sary VBE(max) f^r the transistor 
used. One-half of the voltage Vb 
is dropped across Rb- This volt¬ 
age division helps compensate for 
variations in Vbe from one tran¬ 
sistor to another and at different 
temperatures. Eq. (208) may be 
rewritten to express Nb in terms 
of Vbe follows: 

_ _ 2Np VBE(max) _ 

Vin “Ip (Rsat “f“ Rp “h Rsupply) 

(209) 

The required number of turns for 
the secondary Ng is determined 
from the relationship of input 
voltage Vin, output voltage Vo„t, 
number of turns on the pri¬ 
mary Np, and maximum allowable 
collector-to-base voltage VcB(max) 
for the transistor (the value dur¬ 
ing toff), as follows: 

VcB(max) = Vin + (Np/Ng) Vout (210) 


or 

Ns =-NpVout- 

VcB(max) Vin 


( 211 ) 


The external base resistance Rp 
is necessary to compensate for in¬ 
dividual differences in base-to- 
emitter voltage Vbe of the tran¬ 
sistors used. The required value 
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for this resistance may be de¬ 
termined from the following re¬ 
lationship : 

Rb = VBE(max)/lB (212) 

where VBE(max) is the maximum 
allowable value of Vbe tor the 
transistor type used and Ib is the 
typical value of base current re¬ 
quired to provide the peak primary 
current Ip at a base-to-emitter 
voltage Vbe- Transient losses that 
occur during switch-off because of 
hole-storage effects can be mini¬ 
mized if the value of Rb is main¬ 
tained as small as possible. 

The peak secondary current 
and the peak secondary voltage 
Vg can be expressed by the fol¬ 
lowing equations: 

Is = Ip (Np/Ns) (213) 

Vs = (VcB(max)-Vi„) (Ng/Np) (214) 

The value of the output capaci¬ 
tor Gout should be such that the 
time constant Gout Rl is at least 
10 times larger than ton to assure 
that the output voltage Vout re¬ 
mains essentially constant. The 
capacitance value required for 
this condition is determined as 
follows: 

Rl = VoutVPout 
GouiRl 10 ton 

(^oiit (10tonPout)/Vo„t“ (215) 

The optimum ratio of primary- 
to-secondary winding space for 
the transformer is determined 
from the following expression: 


V(Ns/Np) (Vin/Vout) + l 

SAMPLE DESIGN: The appli¬ 
cation of the relationships de¬ 
rived in the preceding section to 


the design of a practical ringing- 
choke inverter can best be illus¬ 
trated by use of a numerical 
example. In this example, a con¬ 
verter is designed to convert 12 
volts dc to 150 volts dc with a 
maximum power output of 1 watt. 

The first step in the design of 
any converter is the selection of 
the transistor(s) to be used. For 
the ringing-choke circuit, the list 
of typical design parameters given 
in Table XIII provides an excel¬ 
lent basis for this selection. For 
specified values of dc output volt¬ 
age Vo„t» output power P^ut, 
dc input voltage Vjn, this table in¬ 
dicates the maximum allowable 
transistor saturation resistance 
Rgat and the minimum transistor 
rating requirements for collec- 
tor-to-base breakdown voltage 
VcB(sat)» peak collector current 
Ic{i)k)» and maximum allowable 
power dissipation Prp. The tran¬ 
sistor selected must satisfy these 
basic requirements. 

For V„„t = 150 volts, P„„t = 
1 watt, and Vj^ = 12 volts. Table 
XIII indicates that the transistor 
used in the converter should have 
a saturation resistance that 
does not exceed 10 ohms, a col- 
lector-to-base breakdown voltage 
VcB(inax) of at least 35 volts, a 
peak collector current rating Ic{pk) 
of at least 400 milliamperes, and 
a dissipation rating P^ at 55°G 
of at least 80 milliwatts. The col- 
lector-to-emitter voltage of the 
transistor must also be considered. 
During the transistor OFF period, 
the worst-case value of this volt¬ 
age is equal to the product of 
the base-winding-to-primary-wind- 
ing turns ratio (Nb/Np) and the 
maximum collector-to-base voltage 
[VcB(max)]- 1^ t^is product ex¬ 
ceeds the base-to-emitter break¬ 
down voltage of the transistor, a 
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Table XIII—^Typical Design Parameters For Ringing-Choke-Type 
DC-To-DC Converters That Have Output Ratings Up To 50 Watts. 


APPLICATION TRANSISTOR TRANSFORMER-CORE CIRCUIT 

REOUIRCMENTS REOUIREMENTS PARAMETERS EFFICIENCY 



Max. 

DC 

Max. 

Min. 

Min. 

Min. 

Area 

Length 

Factor 

Pout 

Vout 

Vin 

Rsat 

VcB(niax) 

Ic(pk) 

Pd* 

A 

li 

V 

(W) 

(V) 

(V) 

m 

(V) 

(A) 

(W) 

(cm2) 

(cm) 


250 

6-10 

5 

25 

0.5 

0.1 




1 

500 

10-15 

10 

35 

0.4 

0.08 

0.5-1.5 

2.5-10 

0.75 


750 

15-20 

20 

45 

0.3 

0.07 





250 

6-12 

1 

30 

3 

1.5 

0.5-5 

2.5-12 

0.75 

5 

500 

12-20 

2 

45 

2 

1 





750 

20-28 

8 

60 

1 

0.5 

0.5-5 

2.5-12 

0.7 


300 

6-12 

0.8 

30 

6 

3 




10 

500 

12-18 

1 

45 

4 

2 

1-7.5 

2.5-15 

0.7 


750 

18-28 

1.2 

60 

2 

1 





400 

10-18 

0.5 

45 

10 

10 




25 

600 

18-26 

0.8 

60 

6 

5 

1-10 

5-15 

0.65 


750 

26-36 

1 

80 

3 

2 




50 

500 

750 

12-24 

24-36 

0.5 

0.5 

60 

80 

15 

8 

20 

7.5 

2-15 

7.5-20 

0.6 


* Case or Flange Temperature = 55°C. 


diode must be inserted in series 
with the base. 

A suitable transistor for use in 
the 12-to-l50-volt converter is the 
RCA-2N3053. This transistor has 
a peak-collector-current rating of 
700 milliamperes, a maximum col- 
lector-to-base voltage rating of 
60 volts, a maximum saturation 
resistance of 9.5 ohms, and a 
maximum dissipation rating at 
25‘’C of 5 watts. [The maximum 
saturation resistance is not given 
in the published data on the tran¬ 
sistor, but is readily determined 
from the maximum rating for 
the collector-to-emitter saturation 
voltage VcE(sat) == 1-4 volts at a 
collector current Ic of 150 milli- 
amperes.] 

Table XIII also provides data 
on the required cross-sectional 
area A and length of magnetic 
path li for the transformer core 
and on the expected circuit effi¬ 
ciency factor 7). The data in Table 
XIV provide a basis for selection 
of the core material for a suit¬ 
able operating frequency. For the 
specified converter operating con¬ 


dition (i.e., Vout = 150 volts, Vin 
= 12 volts, and P^ut = 1 watt), 
the data in these tables indicate 
that a suitable transformer would 
use a ferrite core that has a cross- 
sectional area A of 1.3 square 
centimeters, such as Ferroxcube 
Part No. 9F520 (E type core, 
type 3C material) or equivalent. 
A suitable operating frequency is 
8 kHz, and the expected circuit 
efficiency is 75 per cent. 

After a suitable transistor has 
been selected and the parameters 
of the magnetic core have been 
determined, the following step-by- 
step procedure is used to complete 
the design of the transformer and 


Table XIV—Optimum Core 
Materials For Different 
Operating Frequencies. 

Transformer Operating Frequency 
Material (kHz) 

Ferrite 1-20 

Silicon Iron ^ 

(Grain-Oriented) U.i-l 

Silicon Steel 0.1-1 
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to determine the constants for the 
output rectifier and filter: 

1. The transformer secondary- 
to-primary turns ratio Ng/Np is 
determined from Eq. (211) on the 
basis of the desired dc output 
voltage Vout, the available dc in¬ 
put voltage Vin, and the transistor 
collector-to-base breakdown volt¬ 
age rating VcB(max)» as follows: 


4. From Eq. (200), the ratio of 
conduction time ton to the total 
period of oscillation T is calculated 
as follows: 


W _ Vout (Np/Ns) 

T Vin + Vout (Np/Ns) 

_ 150/3.1 _ Q 

12 + 150/3.1 


Ns 

Np 


^CB(ma) ^in 


150 


60 - 12 


= 3.1 


[The use of the 60-volt VcB(max) 
rating of the RCA-2N3053 rather 
than the 35-volt value obtained 
as the minimum VcB(max) rating 
from Table XIII reduces the re¬ 
quired step-up ratio.] 

2. The value determined for 
Ng/Np and Eq. (201) are used in 
the following calculation of the 
required primary inductance: 


5. From Eq. (191), the peak 
primary current is calculated to 
be 


Ip 


Vin/ \ton/ 

2 ( 1 ) 

(0.7) (12) (0.78) 


0.3 ampere 


6. The maximum flux density in 
the transformer core is deter¬ 
mined on the basis of the relation 
expressed by Eq. (204) from the 
following calculation: 


, „ (0.7) (12)^ 

(2)(i)(8 X m 

(150/3.1)^ 

( 12)2 ( 150 / 3 . 1)2 

_-}- 2(12) + (150/3.1)_ 

= 4 mH 

3. The required number of pri¬ 
mary turns Np is calculated, for 
an air-gap length 1^ of 0.01 cm, 
from Eq. (206) as follows: 

4x 

X J( ¥. - + g^Vo» 

^Vl-3X10« 1.3/ 

= 63 turns 


r> ^ __ 

= — = 


Np A 


(4 X 10-*) (0.3) 
63(1.3) 


= 600 gauss 


This calculation shows that the 
Ferroxcube 9F520 core is accept¬ 
able as the core material because 
the calculated value of flux density 
does not exceed the saturation 
value of this core, which is 4600 
gauss. (Table XV shows typical 
values of magnetic parameters for 
commercial transformer-core ma¬ 
terials.) 

7. From the published data on 
the IICA-2N3053 transistor, the 
typical values of Vbe ^ind Ib re¬ 
quired for a peak primary current 
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Table XV—Typical Values Of Magnetic Parameters For 
Commercial Transformer-Core Materials. 


Material 

Ferrite 
Silicon Iron 

(Grain-Oriented) 
Silicon Steel 

(“Hi-Mu^’ Type) 
Nickel-Iron Alloy 


Maximum 

Permeability 

(iUn.) 

1000-4000 

8500 

30,000 

70,000 


Maximum 
Flux Density 
(Bm)—Gauss 
2000—5000 

10,000—15,000 

15,000—20,000 

15,000—20,000 


Ip of 0.3 ampere are, respectively, 
1.2 volts and 4.3 milliamperes. The 
maximum values for these param¬ 
eters are 2.3 volts (this value in¬ 
cludes the drop across the diode 
which must be used in series with 
the base, as shown below) and 11 
milliamperes, respectively. 

If Rp + Rsnppiy is assumed to 
be 2 ohms, which is generally the 
case, the required number of turns 
for the base winding is calculated 
from Eq. (209), as follows: 


Rb = VBE(max)/lB 

= (2.3)/(ll X 10-3) = 210 ohms 


10. From Eq. (211), the re¬ 
quired number of turns for the 
secondary winding is calculated 
to be 


Ns = Np (Vout)/[VcB(max)-Vin] 

= 63(150)/(60-12) = 200 turns 


Nb 


_ 2 Np VBE(max) _ 

Vin- Ip (Rsat+Rp+R supply) 


(63) (2.3) (2) 
- (0.3) (12) 


11. The calculation of the peak 
secondary current and the peak 
secondary voltage, from Eqs. 
(213) and (214), respectively, 
yields the following results: 


8. The following calculation is 
used to determine the base-to- 
emitter voltage of the transistor: 

VbE = (Nb/Np) VcB(max) 

= (34/63) 60 = 32.5 volts 

Because this value exceeds the 
base-to-emitter breakdown-voltage 
rating of the 2N3053, a diode must 
be used in series with the base. 

9. From Eq. (212), the required 
value of the external base resist¬ 
ance is calculated to be 


Is = Ip (Np/Ns) 

= 300/3.1 = 0.097 ampere 

Vs = [VcB(max) “ Vi„] (Ns/Np) 
= (60-12) (3.1) = 150 volts 


12. The values obtained for Ig 
and Vg dictate that the diode se¬ 
lected for use in the rectifier cir¬ 
cuit must be capable of handling 
a peak current of 0.097 ampere 
and must have a peak-inverse-volt- 
age rating of more than 150 volts. 
The RCA-1N1763A silicon recti- 
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fier has a maximum peak-inverse 
rating of 400 volts and a maxi¬ 
mum dc-forward-current rating 
of 3.5 amperes and, therefore, ful¬ 
fills these requirements. 

13. The value of an output ca¬ 
pacitor Cout capable of storing the 
energy required by the load and 
delivering this energy to the load 
during the conduction period ton 
at a substantially constant voltage 
can be calculated from the follow¬ 
ing relationship [Eq. (215)]: 

Cout > (10 ton Pout)/Vout' 


Secondary = No. 32 for Ig 
of 0.097 ampere 
Base = No. 36 for 

of 0.011 ampere 

16. From Eq. (216), the opti¬ 
mum ratio of primary-to-second- 
ary winding space K is calculated 
as follows: 


\/(Ns/Np)(Vin/Vout) + 1 


V(3.1) (12/150) + 1 


From Step 5, the ratio of ''ON’' 
time to total period of oscillation 
was calculated as ton/T = 0.78. 
The period of oscillation T, how¬ 
ever, is the reciprocal of the op¬ 
erating frequency (f = 8 kHz). 
The value of ton, therefore, can be 
determined as follows: 

ton = (0.78/8) X 10-3 - 97 X lO”® 

From the initial conditions, the 
output power Po„t is 1 watt and 
the output voltage Vo„t is 150 
volts. The value of the output ca¬ 
pacitor then is calculated to be 


C 


out 


^ 10 (97 X 1Q-3)(1) 
22.5 X 103 


= 0.042 mF 


A RETMA standard value of 0.047 
microfarad would be suitable. 

15. From the peak currents in 
the primary, secondary, and base 
windings (the peak base current 
tj} is the maximum Ib required 
to produce the necessary value of 
Ip), the wire sizes based on the 
conservative rating of 700 circular 
mils per ampere are as follows: 

Primary = No. 26 for Ip of 
0.300 ampere 


The best coupling is achieved 
when the winding order with re¬ 
spect to the core is primary, base, 
and secondary. 

The design described could be 
improved by use of a transformer 
core having a cross-sectional area 
greater than 1.3 square centi¬ 
meters. Because such a core would 
permit the use of fewer turns on 
the primary, base, and secondary 
windings, and a larger window 
area or winding space, it would be 
possible to use wires of larger 
sizes, and thus to achieve a sub¬ 
stantial reduction in copper loss 
with only a slight increase in core 
losses because of the larger core. 

Two-Transistor, One-Transfor¬ 
mer Converter—Fig. 205 shows 
a push-pull, transformer-coupled, 
dc-to-dc converter that uses one 
transformer and two transistors. 
Fig. 206 shows the waveforms 
obtained from this circuit during 
one complete operating cycle^ 

During a complete cycle, the 
flux density in the transformer 
core varies between the saturation 
value in one direction and the 
saturation value in the opposite 
direction, as shown by waveform 
A in Fig. 206. At the start of the 
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Figure 205. Two-transistor, one-transformer push-pull switching converter. 


conduction period for one transis¬ 
tor, the flux density in the core is 
at either its maximum negative 
value (—B^at) maximum 

positive value 

For example, transistor A 
switches “ON’" at —During 
conduction of transistor A, the 
flux density changes from its ini¬ 
tial level of becomes 

positive as energy is simultane¬ 
ously stored in the inductance of 
the transformer and supplied to 
the load by the battery. When the 
flux density reaches 4-Bsat, tran¬ 
sistor A is switched "‘OFF"' and 
transistor B is switched ‘‘ON.” 
The transformer ensures that en¬ 
ergy is supplied to the load at a 
constant rate during the entire 
period that transistor A conducts. 
This energy-transformation cycle 
is repeated when transistor B 
conducts. 

Initially, sufficient bias is ap¬ 
plied to saturate transistor A. As 
a result, a substantially constant 
voltage, waveform B in Fig. 206, 
is impressed across the upper half 
of the primary winding by the dc 
source Vi^. This bias voltage can 
be a temporary bias, a small fixed 
bias, or even a small forward bias 



sistor; (D) base voltage of one transistor; 
(E) primary current; (F) secondary current. 
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developed across the bias winding 
as a result of leakage and satura¬ 
tion current flowing in the trans¬ 
former primary. The constant 
primary voltage causes a dc com¬ 
ponent and a linearly increasing 
component of current, waveform 
C in Fig. 206, to flow through 
transistor A. As in the ringing- 
choke converter, the linearly in¬ 
creasing primary current induces 
substantially constant voltages, 
waveform D in Fig. 206, in the 
base winding and secondary 
winding. The induced voltage 
in the base winding limits the 
maximum value of the base cur¬ 
rent and, therefore, of the col¬ 
lector current. 

In the push-pull transformer- 
coupled converter, the transition 
to switch-off is initiated when the 
transformer begins to saturate. 
As long as the transistor is not 
saturated, the product of the 
transformer inductance and the 
time rate of change of the collec¬ 
tor current remains constant. 
When the transformer core satu¬ 
rates, however, the inductance de¬ 
creases rapidly toward zero, with 
the result that the time rate of 
change of the collector current in¬ 
creases towards infinity. When 
the collector current reaches its 
maximum value, transistor A 
moves out of saturation and the 
winding voltages decrease and 
then reverse and thereby cause 
transistor A to switch ^'OFF.^^ The 
reversal of the winding voltages 
switches transistor B “ON,” and 
the switching operation is re¬ 
peated. 

DESIGN EQUATIONS: If it 
is assumed that the full dc supply 
voltage is impressed across one- 
half of the primary winding, the 
current flowing in the collector 
circuit of the conducting transis¬ 


tor may be determined by means 
of the following equation: 

Lp (dip/dt) = Vin (217) 

where Li^ is the inductance of one- 
half the primary winding in hen¬ 
ries, dIp/dt is the rate of change 
of primary current in amperes per 
second. Ip is the magnitude of the 
change in collector current dur¬ 
ing one conduction interval, and 
Vin is the dc supply voltage in 
volts. 

For the triangular current 
waveform, waveform C in Fig. 
206, the instantaneous rate of 
change of current can be ap¬ 
proximated as follows: 

dIp/dt = 2lp/0.5T = 4Ip/T = 4flp 

(218) 

where T is the total period of os¬ 
cillation in seconds and f is the 
operating frequency in hertz 
(f = 1/T). 

Eqs. (217) and (218) are com¬ 
bined and terms are re-arranged 
to obtain the following expression 
for the peak value of the current 
in the collector of the conducting 
transistor: 

lp = Vi„/4f Lp (219) 

The average value of collector 
current in the conducting transis¬ 
tor is given by: 

Iav == Pout /77 Vin (220) 

The maximum primary current 
then can be expressed by the fol¬ 
lowing equation: 

Ip(max) — lp + Iav 

= (Vin/4f Lp) -h (Pout/T? Vin) 
( 221 ) 

The required inductance for 
one-half of the primary is de- 
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termined from the following re¬ 
lationship : 

Lp = (NpA0/lp) X 10-8 (222) 

In the push-pull transformer- 
coupled converter, however, the 
swing on the B-H saturation 
curve is symmetrical about the 
origin. The residual flux density 
therefore, is zero, and the 
maximum permissible magnetic 
swing is determined as follows: 

Acjf) __ (j) 

max _ 0res _ ^max _ t> 

T ~ X ~ "a" “ 

(223) 

The required inductance for one- 
half of the primary may, there¬ 
fore, be expressed in terms of the 
maximum flux density 
shown in the following equation: 

Lp = (Np B„ax A X 10-«)/lp (224) 

where B^^ax is expressed in gauss. 

If Eq. (219) is substituted into 
Eq. (224), the following result 
can be obtained: 

Vin = 4NpfB„,axAXlO-8 (225) 

Eq. (225) may be rewritten to ob¬ 
tain the following expression for 
the required number of turns in 
the primary: 

Np = (Vin X 108)/4f Bn^axA (226) 

Because no air gap is required, 
the required inductance for one- 
half the primary is given by 

Lp=: (47r NpVlO^) (MiA/li) (227) 

To determine the required num¬ 
ber of turns for each section of 
the base winding, it is necessary 
to know the maximum base-to- 
emitter voltage VBE(inax) at 
which the transistors provide the 


peak primary current lp. This volt¬ 
age may be obtained from the pub¬ 
lished data for the transistor type 
used or from the transistor manu¬ 
facturer. The number of turns 
for each half of the base winding 
is then expressed as follows: 

Nb = Np [2 VBE(max)/Vin] (228) 

The required number of turns 
for each half of the secondary 
winding is expressed as follows: 

Ns = (Np/Vi„) (Vout + Bout lout) 

(229) 

where is the resistance of 

the secondary and reflected pri¬ 
mary resistance. Because R^ut is 
usually very small in transformer- 
coupled converters, it can be 
neglected in the initial calcula¬ 
tions. 

The value of the external base 
resistance Rp is found in the same 
manner as for the ringing-choke 
converter. If extreme flexibility of 
operation is desired, a separate 
external resistor may be used in 
each base circuit. 

In the push-pull transformer- 
coupled circuit, the maximum al¬ 
lowable dc input voltage is 
limited by the collector-to-base- 
voltage rating for the transistor 
type used. The maximum permis¬ 
sible supply voltage Vi^ is given 
by 

Vin(max) [^CB(max) VBE(wind)]/2 

(230) 

where VcB(^ax) is the maximum 
collector-to-base-voltage rating for 
the transistor type used and 
VBE(wind) is the induced voltage 
in one-half of the base winding. 
Eq. (230) is based on the assump¬ 
tion that the leakage inductance 
in the transformer is zero. In 
practice, Vin should not be more 
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than about 90 per cent of the value 
given in Eq. (230). 

The peak secondary current is 
approximately equal to the dc load 
current, i.e., 

Is = Irl = Pout/Vout (231) 

and the peak secondary voltage is 
given by 

Vs = Vin (Ns/Np) (232) 

For good filtering of the output 
voltage, the value of Gout should 
be chosen so that the output time 
constant is at least 10 times the 
period of the oscillator; i.e., 

Rl Gout = lOT = 10/f 
or 

Gout = 10/Rl f (233) 

where the load resistance Rr, is 
determined as follows: 

Rl = (Vs/ls) (234) 

The starting resistor R^ is 
chosen so that a voltage of 0.6 
volt appears at the center tap of 
the feedback winding when the 
supply voltage is applied, i.e., 

Rs = Rb (235) 

Slightly higher starting voltages 
may be required for operation at 
low temperatures. 

SAMPLE DESIGN: The design 
data shown in Table XVI can be 
used as the starting point in the 
design of a practical single-trans- 
former type of push-pull conver¬ 
ter. For specified operating condi¬ 
tions (application requirements), 
the data in the table provide the 
criteria used in the selection of 
the converter transistors, give the 
parameters of the transformer 
core, and indicate the expected 
circuit efficiency. When these de¬ 


sign data are used as the starting 
point, a practical single-trans- 
former push-pull converter can be 
designed by proper application of 
the design relationships derived 
in the preceding section, as shown 
by the following numerical ex¬ 
ample. 

In the example, it is assumed 
that the converter circuit to be 
designed is required to develop a 
dc output voltage Vo„t of 110 volts 
and a dc power output Po„t of 100 
watts from a dc input voltage of 
13.6 volts. For these application 
requirements, the data in Table 
XVI indicate that the transistor 
selected for use in the converter 
should have a maximum satura¬ 
tion resistance R^at less than 0.5 
ohm, a collector-to-base breakdown 
voltage VoK(max) greater than 45 
volts, a minimum collector-current 
rating Ic(,)k) of at least 15 amperes, 
and a minimum dissipation rating 
of 15 watts at a temperature of 
55®G. The published data on the 
RGA-40251 transistor indicate 
that it would be suitable for use 
in the converter circuit. This 
transistor has a maximum satura¬ 
tion resistance R^f^t of 0.2 ohm 
[i.e., VcK(sjjt) = 1.5 volts at a col¬ 
lector current of 8 amperes], a 
collector-to-base breakdown volt¬ 
age VcB(max) of 50 volts, a peak 
collector current rating Ic(j,k) of 
15 amperes, and a dissipation rat¬ 
ing of 117 watts at a case tem¬ 
perature of 25°G. 

If a suitable operating fre¬ 
quency for the converter is as¬ 
sumed to be 3.5 kHz, Table XIV 
indicates a ferrite-core type of 
transformer should be used. From 
Table XVI it is determined that 
the core should have a cross-sec¬ 
tional area A of 3 square centi¬ 
meters and a magnetic path length 
h of 25 centimeters. On the basis 
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Table XVI—Design Data For Push-Pull, Transformer-Coupled 
DC-To-DC Converters. 


APPLICATION TRANSISTOR TRANSFORMER-CORE CIRCUIT 

REOUIREMENTS REOUIREMENTS PARAMETERS EFFICIENCY 



Max. 

DC 

Max. 

Min. 

Min. 

Min. 

Area 

Length 

Factor 

Pout 

Vout 

Vin 

Rsat 

VcB(max) 

Ic(pk) 

Pd* 

A 

It 

H) 

(W). 

(V) 

(V) 

m 

(V) 

(A) 

(W) 

(cni2) 

(cm) 


2 

250 

500 

6-12 

12-20 

2 

4 

30 

45 

0.5 

0.4 

0.1 

0.075 

0.5-4 

2.5-10 

0.85 

10 

400 

600 

12-18 

18-28 

1.5 

3 

45 

60 

2 

1 

1 

0.5 

0.5-5 

2.5-10 

0.85 

25 

400 

600 

12-18 

18-28 

1 

2 

45 

60 

5 

3 

3 

1.5 

1.5 

5-15 

0.85 


250 

8-18 

0.5 

45 

12 

10 




50 

500 

18-28 

0.8 

60 

8 

5 

2-7.5 

7.5-20 

0.85 


800 

28-38 

1 

80 

5 

2 





400 

12-18 

0.5 

45 

18 

15 




100 

600 

18-28 

0.5 

60 

10 

10 

3-12 

10-25 

0.85 


800 

28-38 

0.5 

80 

7.5 

5 





400 

12-24 

0.2 

60 

20 

25 




200 

600 

24-36 

0.2 

80 

15 

15 

5-15 

15-35 

0.8 


800 

36-48 

0.5 

100 

10 

10 

7.5-20 

20-40 

0.75 


*Case or Flange Temperature = 55°C. 


of these data, a core such as the 
Allen-Bradley T3000 H106B (or 
equivalent) should be used. This 
core is a toroid of Allen-Bradley 
RO-3 ferrite material (or equiva¬ 
lent) ; it has a flux density Bgat 
of 4000 gauss and a permeability 
/Xi of 3500. (Because the trans¬ 
former core must be operated in 
the saturation region, an air gap 
la is not normally required.) The 
expected circuit efficiency 17, 
given in Table XVI, is 85 per cent. 

After the transistor type to be 
used, the magnetic-core parame¬ 
ters, and the expected circuit 
efficiency have been determined, 
the following step-by-step proce¬ 
dure results in the design of a 
practical converter circuit. 

1. From Eq. (230), the maxi¬ 
mum permissible value of sup¬ 
ply voltage Via is calculated as 

V‘ <^0 9 VBE(max) 

_ 0.9 (50-3.5) _ ,, 


The desired supply voltage of 13.6 
volts is substantially less than this 
maximum permissible value. 

2. From Eq. (226), the re¬ 
quired number of turns for each 
half of the primary is calculated 
as 


Np = (Vin 108)/4fAB(sat) 


(13.6) (10^) 

4(3.5)(10«)(3)(4)(103) 


= 8 turns 


The total number of primary 
turns, therefore, is given by 


2 Np = 2(8) = 16 turns 

3. The required inductance for 
one half of the primary is deter¬ 
mined from Eq. (218) as follows: 


Lp= (47rNpV10’')(MiA/li) 

r4x (64) 

(3500) (3) 

L 10'' Jl 

25 J 

= 0.335 mH 



4. From Eq. (221), the maxi¬ 
mum primary current is deter¬ 
mined as follows: 


2 
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Ip=(Vin/4fLp) + (PoAVin 

13.6 


+ 


(4) (3.5) (10^) (0.335) (10-3) 
100 


(13.6) (485) 


11.5 amperes 


9. From Eqs. (231) and (232), 
the peak secondary current Ig and 
the peak secondary voltage Vg 
are calculated as follows: 

Is == Irl = Pout/Vout = 100/110 

= 0.9 ampere 


5. The published data on the 
RCA~40251 give the maximum 
values of base-to-emitter voltage 
Vbe and base current Ib as fol¬ 
lows: 


Vs = Vin (Ns/Np) = (13.6)(66)/(8) 
= 110 volts 

The load resistance is then cal¬ 
culated to be 


VBE(max) == 2.5 VOltS 

iB(max) = 0.8 ampere 

6. From Eq. (228), the required 
number of turns for each section 
of the base winding then may be 
determined from the following 
calculation: 


Nb = Np 


2 VBE(max) 

. Vin . 


8 (2.5)^ 
13.6 


= 4.1 turns 


7. The required value for the 
external base resistance Rb is 
equal to VBE(i^ax)/lB, where 
Vbe (max) and Ib are the values 
required to obtain a primary cur¬ 
rent Ip of 11.5 amperes for the 
40251 transistor. The resistance 
Rb, therefore, is calculated as fol¬ 
lows : 


Rb = 2.5/0.8 = 3 ohms 

8. From Eq. (229), the required 
number of turns for each half of 
a center-tapped secondary wind¬ 
ing or the total number of turns 
for an untapped secondary wind¬ 
ing is given by 


Ns = Np (Vout/Vin) = 8 (110)/13.6 
= 66 turns 


Rl = 110/0.9 = 125 ohms 

10. On the basis of the values 
calculated for the peak secondary 
current and voltage, the RCA- 
1N1202A diffused-junction silicon 
rectifier is determined to be suit¬ 
able for the rectifier diodes. For 
a single-phase, full-wave rectifier 
circuit that does not use a center- 
tapped secondary winding, four 
of these rectifiers are required. 

From Eq. (233), a suitable 
value for the output capacitor 
Co„t is calculated as follows: 

Cout = 10 /Rl f 


(125) (3.5) (103) 

11. The value of the starting 
resistor Rg is determined from Eq. 
(234) to be 

(13.6-0.6)(3)_,,^hms 

0.6 

Fig. 207 shows the circuit sche¬ 
matic and Fig. 208 shows the per¬ 
formance curves for the 13.6-to- 
110-volt converter. 

Two-Transistor, Two-Trans¬ 
former Converter—There are 
three basic disadvantages asso¬ 
ciated with the two-transistor, 
one-transformer inverter. First, 
the peak collector current is inde¬ 
pendent of the load. This current. 



Power Conversion 


183 



fo=3.5KHl 

Figure 207. Schematic diagram of 13.6-to- 
110-volt transformer-coupled push-pull 
converter. 



Figure 208. Output voltage and efficiency 
as a function of power output for the 
converter circuit shown in Fig. 207. 

therefore, depends on the available 
base voltage, the gain of the tran¬ 
sistor, and the input character¬ 
istic of the transistor. Second, 
because of the dependence of the 
peak current on transistor char¬ 
acteristics, the circuit perform¬ 
ance depends on the particular 
transistor used because there is 
a wide spread in transistor char¬ 
acteristics. Third, the trans¬ 
former, which is relatively large, 
must use expensive square-loop 
material and must have a high 


value of flux density at saturation. 
These disadvantages can be over¬ 
come by the use of two trans¬ 
formers in various circuit ar¬ 
rangements, such as that shown 
in Fig. 209. 

In this type of circuit, a satur¬ 
able base-drive transformer T^ 
controls the inverter switching 
operation at base-circuit power 
levels. The linearly operating out¬ 
put transformer transfers the out¬ 
put power to the load. Because 
the output transformer T2 is not 
allowed to saturate, the peak col¬ 
lector current of each transistor 
is determined principally by the 
value of the load impedance. This 
feature provides high circuit effi¬ 
ciency. The operation of the in¬ 
verter circuit is described as fol¬ 
lows : 

It is assumed that, because of 
a small unbalance in the circuit, 
one of the transistors, Qi for ex¬ 
ample, initially conducts more 
heavily than the other. The re¬ 
sulting increase in the voltage 


•^fb 




Figure 209. Two-transistor, two-transformer 
push-pull switching converter. 
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across the primary of output 
transformer T 2 is applied to the 
primary of base-drive transformer 
Ti in series with the feedback re¬ 
sistor Rfi). The secondary wind¬ 
ings of transformer are ar¬ 
ranged so that transistor Qj is 
driven to saturation. As trans¬ 
former Tj saturates, the rapidly 
increasing primary current causes 
a greater voltage drop across feed¬ 
back resistor Rf,,. This increased 
voltage reduces the voltage ap¬ 
plied to the primary of trans¬ 
former T 5 ; thus, the drive input 
and ultimately the collector cur¬ 
rent of transistor are de¬ 
creased. 

In the circuit arrangement 
shown in Fig. 209, the base is 
driven hard compared to the ex¬ 
pected peak collector current 
(forced beta of ten, for example). 
If the storage time of the tran¬ 
sistor used is much longer than 
one-tenth of the total period of 
oscillation T, the transistors begin 
to have an appreciable effect on 
the frequency of operation. In 
Fig. 209, the storage time could 
conceivably be quite long because 
there is no turn-off bias (the 
drive voltage only decreases to 
zero) for until the collector 
current of Qi begins to decrease. 

Two methods of overcoming 
this problem by decreasing the 
storage time are shown in Fig. 
210. In Fig. 210(a), a capacitor 
is placed in parallel with each base 
resistor R|>. When V,, is positive, 
the capacitor charges with the 
polarity shown. When V<, decreases 
to zero, this capacitor provides 
turn-off current for the transis¬ 
tor. In Fig. 210(b), a feedback 
winding from the output trans¬ 
former is placed in series with 
each base. The base-to-emitter 
voltage is then expressed as 
follows: 


Vbe = Vs - Vrb - Vt (236) 

If Vg decreases to zero and the 
collector current does not begin 
to decrease, then the base-to- 
emitter voltage is expressed sim¬ 
ply by 

Vbe = Vrb — Vt (237) 

A turn-off bias is thus provided 
to decrease the collector current. 

The energy stored in the output 
transformer by its magnetizing 
current is sufficient to assure a 
smooth changeover from one tran¬ 
sistor to the other. The release of 
this stored energy allows the in¬ 
verter-circuit switching to be ac¬ 
complished without any possibility 
of a ‘ffiang-up'^ in the crossover 
region during the short period 
when neither transistor is con¬ 
ducting. 

The operation of the high-speed 
converter is relatively insensitive 
to small system variations that 
may cause slight overloading of 
the circuit. Under such conditions, 
the base power decreases; how¬ 
ever, this loss is so small that it 
does not noticeably affect circuit 
performance. At the same time, 
the amount of energy stored in 
the output transformer also in¬ 
creases. Although this increase 
results in a greater transient dis¬ 
sipation, the inverter switching is 
still effected smoothly. 

A practical design of the high¬ 
speed converter should include 
some means of initially biasing 
the transistors into conduction to 
assure that the circuit will always 
start. Such starting circuits, as 
described later, can be added 
readily to the converter, and are 
much more reliable than one which 
depends on circuit imbalance to 
shock the converter into oscilla¬ 
tion. 
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Figure 210. Two-transistor, two-transformer push-pull switching converters in which 
transistor-storage times are reduced: (a) Capacitor in parallel with each base resistor 
assures sharp turn-off of associated transistor; (b) Feedback winding from output trans¬ 
former in series with base of each transistor assures sharp cutoff characteristics. 


DESIGN EQUATIONS AND 
PROCEDURE: The design of a 
high-speed two-transistor, two- 
transformer converter is based on 
the available supply voltage, the 
required output voltage and 
power, and the range of ambient 
temperature over which the con¬ 
verter is required to operate. 
Moreover, the converter specifica¬ 
tions usually provide additional 
preliminary design information 
such as size and weight limita¬ 
tions, operating frequency, and 


stability requirements for the op¬ 
erating frequency. 

The first step in the design of 
a practical converter is the selec¬ 
tion of the transistors to be used 
in the circuit. After suitable tran¬ 
sistors have been chosen on the 
basis of the pre-established cri¬ 
teria, a value for the maximum 
case temperature T^ is deter¬ 
mined, and the transistor parame¬ 
ters given in the manufacturer’s 
data for this value are then used 
in the following step-by-step pro- 
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cedure to design the converter 
circuit: 

1. The power input to the out¬ 
put transformer To (P'out) is 
computed as follows: 

P out — Pout/^2 (238) 

where is the required output 
power of the inverter circuit and 
rjo is the transformer efficiency (a 
transformer efficiency of 90 to 95 
per cent is usually assumed). 

2. An estimate of the transistor 

collector current for a square wave 
nV) can then be obtained from 
the ratio of to the supply 

voltage Vs, as follows: 

I'c = P'out/Vs (239) 

3. From the manufacturer's 
data, the transistor saturation 
voltage Voi;^(sat) that corresponds 
to the collector current Vq and 
case temperature T^. is deter¬ 
mined. A second estimate of the 
transistor collector current is then 
computed as follows: 

Ic" = P'out/[Vs-VcE(sat)l (240) 

4. The manufacturer's data on 
the transistor is then consulted 
to determine the base-to-emitter 
voltage required for the col- 
lector-to-emitter saturation volt¬ 
age Vex,^(sat), as given in step 3, 
at the collector current I'c and 
the case temperature Tq. The 
common-emitter forward-transfer 
ratio hj.^x^ at this collector current 
and case temperature is also ob¬ 
tained from the manufacturer's 
data. A forced value of the ratio 
h'pp. that is low enough to insure 
saturation (usually, h'i,.p is about 
one-half of hpp) is then used, to¬ 
gether with the value determined 
for Vx>p, to estimate the base- 
circuit input power Pi„, as follows: 



(241) 

The base stabilizing resistance 
is small and is usually chosen so 
that the voltage drop across it is 
about one-half of Vbe- 

5. The input power to the base- 
drive transformer Tx can be ap¬ 
proximated on the basis of the 
base-circuit input power Pj^ and 
the transformer efficiency as 
follows: 


P'in = PinAl (242) 

6. The collector current can 
then be approximated on the basis 
of the total power developed in 
the converter circuit: 


Ic 


Pout' + Pi. 


Vs — VcE(sat) 


(243) 


If the collector current given by 
Eq. (243) is significantly higher 
than that given by Eq. (240), 
steps 4, 5, and 6 should be re¬ 
peated with this higher value of 
collector current substituted for 
Ip". The collector current also in¬ 
cludes the magnetizing current 1^ 
of the output transformer T 2 . In 
steps 2 through 6 it is assumed 
that 1^ is less than 10 per cent of 
Ic. 

7. The turns ratio of the output 
transformer To is computed on 
the basis of the specified load im¬ 
pedance Zj^ and the reflected im¬ 
pedance Zj/ determined as follows: 

Zl' (Vs - Vsat)/Ic (244) 

Thus, the turns ratio No for T 2 
is determined from the following 
equation: 

N 22 = Zl/Zl' (245) 

8. The value of the feedback re¬ 
sistor Rf,, is usually chosen so that 
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approximately one-half of the 
available voltage is dropped across 
this resistor. Thus, the primary 
voltage Vprii is equal to (Vg ~ 
Vsat) ^nd the total primary cur¬ 
rent Iprii is determined as follows: 

Ipril + Iml = (PinVVprii) + Iml (246) 

9. The turns ratio for trans¬ 
former Ti is given by 

Ni = (Vbe + Ib RB)/Vprii (247) 
where the base current is equal 

to FE* 

10. The minimum number of 
turns in the primary winding of 
the output transformer T 2 is given 
by 

Np = (Vpri X 108)/4fAB (248) 

where Vpr} is the primary voltage 
in volts, f is the operating fre¬ 
quency in hertz, A is the area of 
the transformer core in square 
centimeters, and B is the flux 
density in gauss. Eq. (248) is also 
used to determine the number of 
turns required in the primary 
winding of the base-drive trans¬ 
former T| to produce the proper 
frequency. 

11. The magnetizing current in 
the primary of T^ is determined 
from the following equation: 

Iml = (Hs 10/(1.26 Np) (249) 

where Np is the number of turns 
in the primary winding, Ij is the 
magnetic-path length in centi¬ 
meters, and Hs is the value of the 
magnetizing field strength in 
oersteds at the value of B used 
in Eq. (248). 

This value of I„,i must be added 
to Ipril when the value of Rfp is 
determined (step 8). Eq. (249) 
is also used in the design of the 
output transformer To to assure 
that 1^2 is small compared to Ic- 


If 1^2 is not small enough, the 
minimum number of turns as 
given by Eq. (248) should be in¬ 
creased. 

SPECIAL TRANSISTOR RE¬ 
QUIREMENTS: The type of 
transistor selected for use in a 
high-speed converter circuit is dic¬ 
tated by the following conditions: 

1. In a high-speed converter, 
the peak value of the collector-to- 
emitter voltage of each transistor 
is equal to twice the supply volt¬ 
age plus the amplitude of the volt¬ 
age spikes generated by transient 
elements. Therefore, the collector- 
to-emitter breakdown voltage Vc^o 
of the transistors should be 
slightly greater than twice the 
supply voltage (usually an addi¬ 
tional 20 per cent is sufficient). 

2. The transistors must be 
capable of handling the currents 
necessary to produce the required 
output power at the given supply 
voltage, and their saturation volt¬ 
age at these currents must be low 
enough so that the high efficiency 
desired can be obtained. 

3. The junction-to-case thermal 
resistance of the transistors 0j.c 
must be low enough so that the 
manufacturer's maximum ratings, 
for the given ambient temperature 
and the available heat sink and 
cooling apparatus, are not ex¬ 
ceeded. 

The maximum collector current, 
the dissipation, and the heat-sink 
thermal resistance of the transis¬ 
tors can be approximated on the 
basis of these limiting conditions 
as follows: 

The maximum collector current 
Ic is approximately given by 

Ic = Pout 77/[Vs - VcE(sat)l (250) 

where Vg is the supply voltage, 
VcE(sat) is the transistor collector- 
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to-emitter saturation voltage (for 
a specific Ic)> Pout is the required 
power output, and rj is the de¬ 
sired efficiency of the output trans¬ 
former (usually 90 to 95 per cent). 

The transistor dissipation can 
be approximated as follows (be¬ 
cause the base dissipation is very 
small, it is neglected in this ap¬ 
proximation) : 

Pd = (Ti/T) (VcE(sat) Ic -(- 2Icex Vs) 
+ [(ton+tf)/T] (VsIc/3) (251) 

where Vg is the supply voltage, 
VcE(sat) is the transistor satura¬ 
tion voltage (for a specific I^) ; Ic 
is the collector current, as given 
by Eq. (250); I^ex is the collector 
current with the base reverse- 
biased (for VcE = 2VJ ; ton is the 
transistor 'Turn-on’' time [at Ic 
given by Eq. (250) and h'^E 
given in step 4 of the general pro¬ 
cedure] ; tf is the transistor "fall” 
time (at Ic given by Eq. (250) 
and h'pE given in the general pro¬ 
cedure) ; T is the period recipro¬ 
cal of the operating frequency; 
and T, = 1/2 [T-(ton + t,)]. 

Eq. (251) is used as a guide for 
the first stages of design; the 
exact dissipation is determined 
experimentally. The transistor 
saturated-switching characteris¬ 
tics must be fast enough to pre¬ 
vent the transient dissipation 
from becoming excessive. 

The required heat-sink thermal 
resistance may be approximated 
by the following equation: 

ec-A = (AT/Pd) - 0J-C (252) 

where AT is the permissible junc¬ 
tion temperature rise (AT = 
Tj(mnx) - Ta) ; Pd is the transis¬ 
tor dissipation; and Oq.a is the 
case-to-air thermal resistance, in¬ 
cluding mounting, interface, any 
insulation material, and heat sink. 


The estimate of the required 
heat-sink thermal resistance, to¬ 
gether with the manufacturer’s 
maximum rating curve or safe 
operating region, completes the 
determination of transistor re¬ 
quirements. 

SECOND-BREAKDOWN CON¬ 
SIDERATIONS: A high-speed, 
high-power inverter requires tran¬ 
sistors that have high power¬ 
handling capabilities and very 
fast saturated-switching speeds. 
Reverse-bias second breakdown 
(which is discussed in an earlier 
section of this manual) is a fac¬ 
tor that must also be considered 
in the design of these circuits. 

Reverse-bias second breakdown 
can be analyzed as follows: During 
the turn-off time toff, the transis¬ 
tor is subjected to high energy as 
a result of energy stored in the 
output-transformer leakage in¬ 
ductance. This leakage inductance 
can be made small by careful wind¬ 
ing of the transformer to obtain 
close coupling. An approximation 
of the value of leakage inductance 
can be obtained by measuring the 
inductance of one-half the pri¬ 
mary with the other half of the 
primary short-circuited. As is 
shown in the sample design at 
the end of this section, the leak¬ 
age-inductance value and the peak 
collector current can be used to 
provide an analysis of reverse- 
bias second breakdown. 

FEEDBACK RESISTANCE: 
The value of feedback resistance 
Rfi, is computed as the resistance 
required to produce the difference 
in voltage that should exist be¬ 
tween the collector-to-collector 
voltage of the two transistors and 
the voltage applied to the primary 
of transformer T^ at a given pri¬ 
mary current IpHi- The optimum 
value of the feedback resistor is 
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then determined experimentally. 
A decrease in the value of Rf,, in¬ 
creases the loss that results from 
the circuit resistance and that in 
the transformer core because the 
magnetizing current increases. 
The voltage across the primary of 
the transformer then increases 
and, as may be inferred from Eq. 
(248), the operating frequency 
increases. An increase in the value 
of Rfi, causes a greater voltage 
drop across this resistance, and 
less voltage is then available to 
the primary of transformer ; 
therefore, the frequency decreases. 
Thus, Rf), can be used to control 
frequency over a limited range 
only. 

STARTING CIRCUITS: The 
circuits shown in Fig. 209 and 
210 will not necessarily begin to 
oscillate, especially under a heavy 
load. As a result, a starting bias 
must be applied so that the cir¬ 
cuit has a loop gain greater than 
unity and is always capable of 
initiating oscillation. This bias 
arrangement can be such that it 
is connected only during starting, 
or can be connected permanently 
within the circuit. Two practical 
starting circuits are described in 
the following paragraphs. 

Fig. 211 shows an inverter that 
uses a resistive voltage-divider 
network to supply the necessary 
starting bias. The value of resis¬ 
tor Ri can be determined by use 
of Eq. (235). With this circuit, 
a compromise of reliable starting 
and tolerable bleeder current 
must be reached. 

Fig. 212 shows a diode starting 
circuit in which the bases of the 
two inverter transistors are sup¬ 
plied by a resistance R^, which is 
determined as follows: 


Ri = Vcc/2Ii, (253) 



voltage-divider network to provide starting 
bias. 

As the inverter begins to oscillate, 
the base current is conducted 
through the base-emitter diode 
and through the forward direction 
of the starting diode. Usually, ad¬ 
ditional drive is needed to com¬ 
pensate for the diode voltage 
drop. Low-voltage silicon diodes 
capable of carrying the base cur¬ 
rent continuously are normally 
used. 



Figure 212. Two-transistor, two-transformer 
push-pull inverter that uses a diode starting 
circuit. 
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SAMPLE DESIGN: The fol¬ 
lowing paragraphs explain the use 
of the design procedure given in 
the preceding section to design 
a practical high-speed, two-trans¬ 
former, push-pull converter. The 
operating requirements upon 
which the design of the converter 
is based are as follows: 

dc power output Pout = 250 watts 
dc supply voltage Vs = +28 volts 
operating frequency f = 50 kHz 
load resistance Rl = 25 ohms 
ambient temperature Ta = 25°C 

The design of the converter cir¬ 
cuit is performed in four basic 
parts, as follows: 

1. Selection of Transistors. 
The first step in the selection of 
the transistors for the high-speed 
converter is to compute the power 
input to the output transformer, 
Pout'; a transformer efficiency of 
95 per cent is assumed. Thus, 
from Eq. (238), 

P^out = 250/0.95 = 262.5 watts 

Eq. (239) is then used to make 
the initial estimate of the tran¬ 
sistor collector current necessary 
to produce the required power 
output: 

Ic' = 262.5/28 = 9.4 amperes 

The transistors used in the inver¬ 
ter circuit must have a collector- 
to-emitter breakdown voltage Vceo 
equal to at least twice the supply 
voltage plus an additional 20 per 
cent to allow for voltage spikes. 
The value of Vceo is thus given 
by 

Vceo > 2 (29) (1.20) = 67 volts 

The RCA-2N3265 power tran¬ 
sistors selected for the converter 
circuit have a Vceo(sus) of 90 


volts, and a collector-to-emitter 
saturation voltage VcE(sat) of 
0.75 volt (given in the manufac¬ 
turer's data for a collector cur¬ 
rent Ic of 15 amperes), which is 
low enough to insure that the de¬ 
sired high operating efficiency can 
be obtained. The switching times 
for the 2N3265 transistor are as 
follows: 

Fall time tf = 500 nanoseconds 
(at Ic = 15 amperes) 

On time ton = 500 nanoseconds 
(at Ic = 15 amperes) 

These switching times are short in 
comparison to the 20-microsecond 
period at the 50-kHz operating 
frequency. 

It is now possible to recompute 
the transistor collector current 
to obtain a more accurate approxi¬ 
mation of the maximum value of 
this parameter in the converter 
circuit. Eq. (240) is used to ob¬ 
tain the following result: 

Ic'^ = 262.5/(28-0.75) = 9.62amperes 

The data given for the 2N3265 
transistor are used to determine 
the hpE ratio and the base-to- 
emitter voltage Vbe of tbe tran¬ 
sistor at this level of collector cur¬ 
rent. The hpE ratio is found to be 
60 (5th percentile) at a collector 
current of 10 amperes, which is 
close enough to the value calcu¬ 
lated for Ic". The forced value for 
this ratio, h+K» is chosen to be 
20, which is small enough to as¬ 
sure that the transistor will satu¬ 
rate. The base-to-emitter satura¬ 
tion voltage Vbe (sat) the col¬ 
lector current of 10 amperes is 
found to be 1.3 volts. The values 
for the base current and base in¬ 
put resistance can then be com¬ 
puted as follows: 
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Ib = IcVl^FE^ = 9.62/20 
= 0.481 ampere 
Rin = VBE(sat)/lB = 1.3/0.481 
= 2.7 ohms 


The total base-circuit input re¬ 
sistance, R'in, is the sum of the 
quantity Rin and the transistor 
bias resistor The value of Rb 
is chosen to be 1 ohm. Thus, R'in 
is equal to 3.7 ohms. The base-cir¬ 
cuit input voltage V'in can be read¬ 
ily calculated either as the product 
of R'in and Ib or as follows: 

Vin^ = VBE(sat) + IbRb = 1.3 + 0.481 
= 1.781 volts 

In the design of a high-speed 
inverter circuit, the value of the 
feedback resistor is usually chosen 
so that the available voltage is di¬ 
vided equally across this resistor 
and the primary of the base-drive 
transformer. The voltage across 
the primary is determined, 
therefore, as follows: 

VpH = (0.5) (2) [Vs ~ VcE(sat)l 
= (0.5)(2)(28- 0.75) 

= 27.25 volts 

The base-circuit input power P^n 
is determined from Eq, (241) or 
from the product of V'in Ib» 
follows: 

Pin = (1.781) (0.581) = 0.86 watt 

If a transformer efficiency of 95 
per cent is assumed, the power in¬ 
put to the base-drive transformer 
is given by 

Pin' = 0.86/0.95 = 0.902 watt 

The primary current is then deter¬ 
mined as follows: 

Ipri = 0.902/27.25 = 0.0332 ampere 

The value of the bias resistor Rj 
(a resistive voltage-divider start¬ 
ing circuit is used) required to 


produce a starting current of 0.481 
ampere is determined as follows: 

O _Vcc-0.6 

—o:^ 

28-0.6 , 

= — 77 -;;-= 45.7 ohms 

0.6 

2. Output Transformer Calcula¬ 
tions. It is then possible to calcu¬ 
late the transistor collector cur¬ 
rent on the basis of total power in 
the inverter circuit, P'o„t + R'in- 
The value obtained is given by 

Ic = (262. + 0.902)/27.25 
== 9.65 amperes 

The impedance reflected into the 
primary of the output transform¬ 
er R'l, is computed on the basis of 
this value of collector current as 
follows: 

Rl' = 27.25/9.65 = 2.84 ohms 

The ratio of the specified circuit 
load impedance (Rl = 25 ohms) 
and this reflected impedance de¬ 
fines the transformer turns ratio 
No as follows: 

Ns' = Rl/Rl' = 25/2.84 - 8.85 

Ns = 2.98 

On the basis of a transformer effi¬ 
ciency of 95 per cent, the power 
magnetically dissipated in the out¬ 
put transformer is given by 

Pm = Pout (1.00—.95) = 12.5 watts 

For an operating frequency f of 
50 kHz, the Allen-Bradley type 
WO-3 ferrite core material, or 
equivalent, is acceptable. From 
the manufacturer's data sheet for 
this ferrite, the maximum usable 
core temperature is 125®C. For 
linear operation at this tempera¬ 
ture, the flux density should 
be 1000 gauss. 
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The core loss factor p for = 
1000 gauss and f = 50 kHz is given 
by 

p = 3.2 m W/cm^ Hz 

Thus, at 50 kHz the frequency- 
dependent core loss, p\ is calcu¬ 
lated as follows: 

p' = (3.2m W/cm^ Hz) (50X10^ Hz) 
= 0.160 W/cm^ 

The maximum permissible vol¬ 
ume of the core for a transformer 
efficiency of 95 per cent, therefore, 
is given by 

Vol = 12.5 W/(0.16 W/cm^) = 78 cm^ 

For a pair of “C” cores, Allen- 
Bradley Type No. U2625C133A, or 
equivalent, which have a cross- 
sectional area A of 2.04 square 
centimeters and a length Ij of 16.4 
centimeters, the volume is only 40 
cubic centimeters. As a result, the 
core loss is less than 7 watts in¬ 
stead of 12.5 watts, and the trans¬ 
former efficiency is greater than 
the assumed value of 95 per cent. 

The manufacturer's specifica¬ 
tions do not include information 
for estimation of the temperature 
rise in the core. If the transformer 
overheats, a new one which uses a 
core that has a lower loss factor 
must be designed. 

When the two C cores mentioned 
above are used, the number of 
turns in the transformer primary 
can be calculated by use of Eq. 
(248) as follows: 

^ _ 27.25 X 10^ 

” (4)(5)(10^)(2.04X103) 

= 6.55 turns 

If Np = 6 turns, then N^, = (6) 
(2.08) = 18 turns. 

From the manufacturer's data 
sheet, it is determined that for lin¬ 
ear operation the value of H = 
0.189 oersted results in a magne¬ 
tizing current given by 


= (16.4) (0.189)7(1.26) (6.55) 

= 0.376 ampere 

This value is less than 10 per cent 
of Ic. 

The transformer wire size 
should be large enough to prevent 
excess copper losses, and the pri¬ 
mary should be bifilar wound. The 
transformer should be constructed 
with a minimum amount of tape 
applied to the core to reduce the 
core temperature rise. 

3. Base-Drive Transformer Cal¬ 
culations. The Allen-Bradley 
type RO-3 rectangular-loop fer¬ 
rite core material, or equivalent, 
is suitable for use in the base- 
drive transformer. The flux dens¬ 
ity B^ of the drive transformer 
should be 3000 gauss and the sat¬ 
uration field strength Hg should 
be 1 oersted. 

The core-loss factor for a flux 
density of 3000 gauss and an oper¬ 
ating frequency of 50 kHz is given 
by 

p = 63 MW/cm^ Hz 

The core loss at 50 kHz is then 
calculated as follows: 

p' = 63 X 50 X 10^ = 3.15 W/cm^ 

On the basis of a transformer effi¬ 
ciency of 95 per cent, the mag¬ 
netically dissipated power in the 
drive transformer is given by 

Pm = Pin (1.00-0.95) = (0.86) (0.05) 
= 0.43 watt 

The maximum volume is then cal¬ 
culated as follows: 

Vol = Pm/p' = 0.43/3.15 = 0.136 cm^ 

An Allen-Bradley Type No. 
T0620H101A core, or equivalent, 
is chosen. This core has an area A 
of 0.119 square centimeter, a 
length of 3.9 centimeters, and a 
volume of 0.465 cubic centimeter. 
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This volume is about three times 
the maximum allowable volume 
for 95-per-cent efficiency. The 
magnetic losses, therefore, are 
about 1.3 watts, and the trans¬ 
former efficiency is low. 

The number of turns in the pri¬ 
mary is determined from Eq. 
(248) as follows: 

N = (27.25)(1Q^) 

” (4) (5X10^) (0.119) (3000) 

= 37.5 turns 

The turns ratio Ni for the base- 
drive transformer T^ is determined 
as follows: 

Rin^ = 3.7 ohms 

Rpri = 27.25/0.033 = 830 ohms 

Ni^ = 830/3.7 = 224 

Ni = 15 

Therefore, the number of second¬ 
ary turns is given by 

Ns = 37.5/15 = 2.5 

The magnetizing current is de¬ 
termined from Eq. (249) as fol¬ 
lows : 

Imi = (3.9X1)/(1.26X37) 

= 0.084 ampere 

The total primary current is then 

Ipri = 0.033 0.084 = 0.117 ampere 

The feedback resistance Rfi, is 
then calculated as follows: 

Rfb = 27.25/0.117 = 235 ohms 

4. Thermal-Resistance Calcula¬ 
tions. From Eq. (251), the aver¬ 
age transistor dissipation is given 
by 

Pd = [(20-l)/(2X20)] 

[(0.75X9.65) -f- 2 (0.020X28)1 
+ (1/20) [(28X9.65)/3] 

= 8.65 watts 

where Icex» taken from the 
manufacturer’s data, is equal to 1 
to 20 milliamperes. 


For a junction temperature of 
125°C, the maximum temperature 
rise is given by 

T = 125°C - 25°C = 100°C 

The total junction-to-air thermal 
resistance, including heat sink, 
mounting, and junction-to-case 
thermal resistance, is determined 
as follows: 

ej_A = 100/8.65 = 11.6°C/W 

For the 2N3265, the junction-to- 
case thermal resistance 0 j.q is 
given as 1°C/W. The mounting 
thermal resistance is about 0.25“ 
C/W. Thus, the heat-sink-to-air 
thermal resistance ^hs.a is 11.6 — 
1.25 10.35“C/W. 

EXPERIMENTAL RESULTS: 
The leakage inductance of the out¬ 
put transformer, as measured on a 
Q meter, is about 0.5 microhenry. 
The peak collector current is cal¬ 
culated to be about 10 amperes, 
and the reverse base-to-emitter 
bias voltage is about —2 volts. 
The 2N3265 transistor has an 
assured capability to withstand 
second breakdown at currents in 
excess of 10 amperes for a collec¬ 
tor inductance of 90 microhenries 
and a reverse bias of 6 volts. The 
published data on the 2N3265 in¬ 
dicate that a reduction in bias 
voltage or in collector inductance 
allows the transistor to handle 
larger amounts of reverse-bias 
energy. The operating conditions 
for the output transformer are 
well within the safe area. Both 
transformers should be con¬ 
structed with a minimum of tape 
to provide as much surface area 
as possible to ensure a low core 
temperature. 

Fig. 213 shows the schematic 
diagram for the completed circuit. 
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TRANSFORMER CORE MATERIALS: 
T,—allen-bradley type 

T0620HI0IA, OR EQUIV. 
T2-ALLEN-BRADLEY TYPE 
U2625CI33A, OR EQUIV. 

Figure 213. Schematic diagram of 250-watt, 50-kHz push-pull dc-to-dc converter. 


The values for the feedback resis¬ 
tance and the bias-starting resis¬ 
tance were arrived at experimen¬ 
tally with the calculated values 
used as a beginning. 

Fig. 214 shows the output char¬ 
acteristics of the converter as a 
function of the load. The output 
characteristics were measured at 
the load at the output terminals of 
the rectifier bridge. Thus, the effi¬ 


ciency shown represents the total 
circuit efficiency. The range of 
values indicated on the efficiency 
curve (i.e., 82 to 88 per cent) takes 
into account the transistor dissi¬ 
pation, transformer losses, recti¬ 
fier-bridge losses, and all other 
circuit IR losses. 

Fig. 215 shows the experimen¬ 
tal transistor load line for a load 
resistance of 25.6 ohms and a sup- 
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Figure 214. Output characteristics (i.e., frequency, efficiency, voltage, and power) of the 
250-watt converter as a function of the load. 
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Figure 215. Experimental load line for the 
2N3265 transistor using a load impedance 
of 25.6 ohms and a supply voltage of 28 
volts. 


ply voltage of 28 volts. The area 
enclosed by the load line shows 
that high dissipation occurs dur¬ 
ing switching. This area is de¬ 
creased somewhat when loads hav¬ 
ing a small capacitive reactance 
are used. 

Fig. 216 shows the collector cur¬ 
rent and voltage waveforms. The 
collector-current waveform exhib¬ 
its the transformer saturation cur¬ 
rent. The collector-voltage wave¬ 
form exhibits the voltage spikes 
resulting from the transformer 
leakage inductance. Fig. 217 
shows the collector current on an 
expanded time scale to illustrate 
the current rise and fall times. 




Figure 216. Collector-current and voltage 
waveforms for the 2N3265 transistors used 
in the 250-watt converter. 
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Figure 217. Collector-current rise and fall 
times. 

SCR Inverter 

Fig. 218 shows a typical high- 
frequency SCR switching inverter; 
Fig. 219 shows the waveshapes 
across the SCR and the output of 
the transformer. For resistive 
loads, this inverter is capable of 
delivering 500 watts of output 
power at an operating frequency 
of 8 kHz, and is provided with reg¬ 
ulation from a no-load condition 
to full load. With proper output 
derating, this circuit can also ac¬ 
commodate inductive and capaci¬ 
tive loads. Under a capacitive load 
the power dissipation of the SCR’s 
is increased; under an inductive 
load the turn-off time is decreased. 

The inverter can be operated at 
any optional frequency up to 8 
kHz provided that a suitable out¬ 
put transformer is used and the 
timing capacitors are changed in 
the gate-trigger-pulse generator. 
A change in operating frequency, 
however, does not require any 
change in the commutating com¬ 
ponents Cl and Li. The operation 
of the SCR inverter is very simi- 
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(or equiv.) core Ne = 21 turns of No. 18 magnet wire; core, two 

Ti = Output transformer: Ni = Ni = 9 turns sets of Siemens Type 266215-A0000-R026 (or 

of No. 18 magnet wire, two strands; N 2 = equiv.) with 4-mil air gap 

Figure 218. High-frequency (lO-kHz) SCR push-pull switching Inverter. 


lar to that of the two-transistor 
push-pull inverter except that ex¬ 
ternal gate-trigger signals are re¬ 
quired to initiate the SCR switch¬ 
ing action. 



Figure 219. Typical operating waveforms 
for SCR inverter shown in Fig. 218. 


Circuit operation—Fig. 218 
shows the two thyristors SCRi 
and SCR 2 connected to the output 
transformer T^. These thyristors 
are alternately triggered into con¬ 
duction by the gate-trigger-pulse 
generator shown in Fig. 220 to 
produce an alternating current in 
the primary of the power trans¬ 
former. 

The thyristors are commutated 
by capacitor Cj, which is connected 
between the anodes of SCRi and 
SCR 2 . The flow of current through 
the circuit can be traced more 
easily if it is assumed that initially 
SCRj is conducting and SCR 2 is 
cut off and that the common cath¬ 
ode connection of the SCR^s is the 
reference point. For this condition, 
the voltage at the anode of SCR 2 is 
twice the voltage of the dc power 
supply, i.e., 2 Eoo- The load current 
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flows from the dc power supply 
through one-half the primary 
winding of transformer Ti, in¬ 
ductor L^, SCR], and inductor Lj. 
When the firing current is applied 
to the gate of SCR 2 , this SCR 
turns on and conducts. 

During the ''ON” period of 
SCR 2 , the capacitor Ci begins to 
discharge through L^, SCR 2 , SCRi, 
and L 2 . Inductors L 2 and L 3 func¬ 
tion to limit the rate of rise of the 
discharge current di/dt so that 
the associated stresses are main¬ 
tained within the capability of the 
device during the turn-on of the 
SCR. The effect of this control is 
to decrease the turn-on dissipa¬ 
tion, which becomes a significant 
portion of the total device dissipa¬ 
tion at high repetition rates. 

The discharge current through 
SCRi flows in a reverse direction, 
and after the carriers are swept 


out (and recombined) the SCRi 
switch opens (i.e., SCRi switches 
to the "OFF” state). At this time, 
the voltage across the capacitor 
Cl, which is approximately equal 
to —2 Eoo, appears across SCRi 
reverse voltage. This voltage re¬ 
mains long enough to allow the 
device to recover for forward 
blocking. Simultaneously during 
this interval, the conducting SCR 2 
establishes another discharge path 
for capacitor Ci through trans¬ 
former Ti and inductors Li and 
L 3 . The role of inductor Li is to 
control the rate of discharge of 
the capacitor to allow sufficient 
time for turn-off. 

After capacitor Ci is discharged 
from —2 Eco to zero, it starts to 
charge in the opposite direction to 
+2 Eco. When Ci is charged to 4-2 
Eco, because of the phase shift be¬ 
tween voltage and current the flux 



D 4 = Zener diode, 20-volt, 1 / 2 -watt 
Ti Pulse transformer; center-tapped primary: 
Ni = N 2 — 150 turns of No. 36 wire; split 


secondaries: Na = Ni = 100 turns of No. 36 
wire; core material: Indiana General Type No. 
CF902, or equiv. 


Figure 220. Gate-trigger pulse generator for SCR inverter shown in Fig. 218. 



198 


RCA Silicon Power Circuits Manual 


at that time in the inductor Li is 
a maximum. This reactive energy 
stored in the inductor is normally 
transferred to the capacitor and 
causes an ‘'overvoltage*' or “over¬ 
charge", which in this particular 
case is undesirable. Voltages on 
the capacitor higher than 2 E^o 
produce a negative voltage at the 
anode of SCK 2 with respect to the 
negative terminal of the dc power 
supply. This condition is prevented 
by use of a clamping diode CR 2 
connected to an extra tap on the 
transformer oriented close to the 
anode of SCR 2 . As a result, the 
amount of “overcharge" of the ca¬ 
pacitor is considerably reduced. 
The energy stored in inductor 
causes current to flow through di¬ 
ode CR 2 , the N 4 transformer wind¬ 
ing inductor L 3 , and SCR 2 . Trans¬ 
former windings N 4 and act as 
an autotransformer through which 
the energy stored in the inductor 
is fed back to the power supply. 

When the firing current is ap¬ 
plied to the gate of SCRi, this 
device conducts and the process 
described above is repeated. 

Each time the SCR's turn off 
to interrupt the reverse recovery 
current, a certain amount of ener¬ 
gy remains in the inductor. This 
energy is transferred to the device 
capacitance, which is relatively 
small, and thus a high-voltage 
transient is generated. This high- 
voltage transient may exceed the 
rating of the device, produce un¬ 
desirable stresses, and increase the 
switching dissipation. A transient- 
suppressor network consisting of 
two 1N547 diodes, resistors R^, 
R 2 , and R 3 , and capacitors C 2 and 
C;^ prevents this transient voltage 
from exceeding the maximum rat¬ 
ing of the SCR's. 

Gate-Trigger-Pulse Generator 
—The gate-trigger-pulse genera¬ 


tor, as shown in Fig. 220, is a 
conventional astable (free-run¬ 
ning) multivibrator, combined 
with a threshold-sensitive switch 
consisting of transistors Q 3 and 
Q 4 which turns the generator on 
and off. The square-wave output of 
the generator is differentiated and 
fed to the gates of SCRi and SCR 2 
through the N 3 and N 4 windings 
of pulse transformer T^. The 
threshold-sensitive switch holds 
the generator off until the re¬ 
quired dc level is achieved in the 
power supply. This minimum 
level is necessary to maintain a 
nominal repetition rate and to 
supply sufficient current to trig¬ 
ger both SCR's. As dc power is 
applied through resistor Ri 5 to 
charge capacitor C 5 , the gradually 
increasing voltage at the emitter 
of transistor Q 3 eventually rises 
to a value above the Zener voltage 
of the Zener diode D 4 connected 
between the emitter of transistor 
Q 3 and the base of transistor Q 4 . 
So long as this voltage is not ex¬ 
ceeded, the base current of transis¬ 
tor Q 4 is zero. Because transistor 
Q 4 is cut off, transistor Q 3 also 
remains cut off. As the voltage of 
the power supply increases and 
exceeds the Zener voltage of D 4 , 
the Zener diode conducts cur¬ 
rent to the base of transistor Q 4 
and causes the transistor to con¬ 
duct. The collector current of Q 4 
then flows into the base of Q 3 
and causes this transistor to con¬ 
duct. The collector current of 
Q 3 is then applied to the astable 
multivibrator. A polarity-sensitive 
positive feedback loop consisting 
of diode D 3 and resistor R^ pro¬ 
vides regenerative feedback to 
transistors Q 4 and Q 3 when the 
Zener diode D 4 is conducting. In 
the event that the power-supply 
voltage decreases and current 
ceases to flow through the Zener 
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diode, this feedback network 
maintains transistor Q3 in satu¬ 
ration until the voltage in the 
circuit drops to a few volts. 

The collector current through 
transistors Qi and Qo does not 
maintain perfect balance as the 
base currents of transistors Qi 
and Qo increase. Any slight un¬ 
balance in collector current is 
amplified through the positive 
feedback loops. As a result, one 
transistor is cut off and the other 
is turned on at the extreme limit 
of unbalance. If transistor is 
assumed turned on, the base of 
transistor Qo is driven negative 
by capacitor Co, which is con¬ 
nected to the collector of Qi. The 
negative bias on the base of Qo 
drives the transistor into the cut¬ 
off state. Capacitor C3 connected 
to the base of Q, is then charged 
through the load resistor R7 of 
transistor Qo, and the base drive 
on transistor Q, increases until 
the capacitor is fully charged. Ca¬ 
pacitor Co, with its negatively 
charged plate connected to the 
base of transistor Q., through a 
resistor divider consisting of R4 
and Rp,, is discharged through re¬ 
sistor R-. Resistor R5 is con¬ 
nected to a potentiometer R9 
which controls the waveshape 
symmetry and another poten¬ 
tiometer Rio which is connected 
to the positive supply voltage 
and serves as the repetition-rate 
control. 

When the negative bias de¬ 
creases to zero and the base of Q3 
become positive, transistor Q2 
turns '‘ON” and causes Qi to turn 
"OFF”. The capacitor C4 which 
was charged through load resistor 
R7 starts to discharge through the 


No primary windings of the pulse 
transformer Ti after Qo is turned 
on. This discharge current is fed 
to the gate of the SCR, in the ap¬ 
propriate direction to fire the de¬ 
vice. During the alternate half¬ 
cycle of multivibrator operation, 
capacitor Ci discharges through 
the Ni primary windings of the 
pulse transformer to trigger 
SCRi. 

Applications —Some of the ap¬ 
plications of the SCR inverter are 
as follows: 

1. DC-to-dc converter. Conver¬ 
sion can be accomplished by the 
use of small, light-weight, low-cost 
transformers, inductors, and ca¬ 
pacitors. This circuit is suitable 
for use in computer power sup¬ 
plies, telephone equipment, radio 
transmitters, battery chargers, 
and similar equipment. 

2. High-frequency fluorescent- 
lighting supply. Because of the 
high frequency of the inverter cir¬ 
cuit, the size and weight of the 
inductive ballast is considerably 
reduced; in addition, half of the 
inductive components can be re¬ 
placed with low-cost capacitors to 
maintain a unity power factor in 
the circuit. The over-all system 
efficiency can also be improved; 
for example, the 20- to 26-per-cent 
power dissipation as a result of 
the low-efficiency ballast at 60 Hz 
can be reduced to a few per cent 
by use of high-frequency, high- 
efficiency inductors at moderate 
cost. This decrease in power dissi¬ 
pation in a large industrial build¬ 
ing can mean less burden on the 
air-conditioning system. 
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rpHE performance of oscillators, 
high-gain amplifiers, and other 
electronic circuits that have ex¬ 
acting frequency, stability, or out¬ 
put requirements can be critically 
affected by wide variations in dc 
supply voltages. Large supply- 
voltage variations may also result 
in voltage levels that exceed ac¬ 
ceptable circuit limits. Moreover, 
laboratory tests and measure¬ 
ments of electronic devices and 
circuits often require the use of 
constant, precisely controlled dc 
voltages. For these reasons, some 
type of regulation is frequently 
required to prevent significant 
changes in the output of a dc 
power supply as a result of line- 
voltage fluctuations or variations 
in circuit loading. 

The regulation of a dc power 
supply is usually accomplished by 
some type of feedback circuit that 
senses any change in the dc out¬ 
put and develops a control signal 
to cancel this change. As a result, 
the output is maintained essen¬ 
tially constant. The nature of the 
control exercised by the feedback 
circuit (regulator) is determined 
by the type of circuit arrange¬ 
ment (series or shunt) and the 
mode of operation of the pass ele¬ 
ment (transistor or SCR). In a 


transistor regulator, the output 
voltage from the dc power supply 
is compared with a reference volt¬ 
age, and the difference signal is 
amplified and fed back to the base 
of a pass transistor. In response 
to the feedback signal, the con¬ 
duction of the pass transistor is 
varied, either linearly or as a 
switch, to regulate the output 
voltage. When the pass transistor 
can be operated at any point be¬ 
tween cutoff and saturation, the 
regulator circuit is referred to as 
a linear voltage regulator. When 
the pass transistor operates only 
at cutoff or at saturation, the cir¬ 
cuit is referred to as a switching 
regulator. All SCR regulators are 
by nature of SCR operation 
switching regulators. 

LINEAR VOLTAGE 
REGULATORS 

All linear voltage regulators 
can be classified as either series 
or shunt types, as determined by 
the arrangement of the pass ele¬ 
ment with respect to the load. In 
a series regulator, as the name 
implies, the pass transistor is 
connected in series with the load. 
Regulation is accomplished by 
variation of the current through 
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the series pass transistor in re¬ 
sponse to a change in the line 
voltage or circuit loading. In this 
way, the voltage drop across the 
pass transistor is varied and that 
delivered to the load circuit is 
maintained essentially constant. In 
the shunt regulator, the pass 
transistor is connected in parallel 
with the load circuit, and a volt¬ 
age-dropping resistor is con¬ 
nected in series with this parallel 
network. If the load current tends 
to fluctuate, the current through 
the pass transistor is increased or 
decreased as required to maintain 
an essentially constant current 
through the dropping resistor. 

Series Regulators 

Series-regulated power supplies 
may be either voltage-regulating 
types, voltage-regulating current- 
limiting types, current-regulating 
types, or voltage-regulating cur- 
rent-regulating types. Fig. 221 
shows the response characteris¬ 
tics for each type of series-regu¬ 
lated power supply. 



Figure 221. Typical response characteris¬ 
tics for series-regulated power supplies: (a) 
voltage-regulating types; (b) voltage-regu¬ 
lating current-limiting types; (c) current¬ 
regulating types: (d) voltage-regulating 
current-regulating types. 


Linear series regulators provide 
an excellent means for prevention 


of large variations in power- 
supply load current or output volt¬ 
age. Fast response time provided 
by the linear control circuit makes 
possible close control of the out¬ 
put voltage. However, because the 
series pass transistor is equiva¬ 
lent to a variable resistance in 
series with the load, the transis¬ 
tor must dissipate a large amount 
of power at low output voltages. 
Another disadvantage of the series 
regulator is that the total fault 
current passes through the regu¬ 
lating transistor if the load be¬ 
comes short-circuited. As a result, 
overload and short-circuit protec¬ 
tion in the form of current-limit¬ 
ing or drive-reduction networks 
that operate rapidly must be used 
to protect the transistor. 

Fig. 222 shows a basic configu¬ 
ration for a linear series regulator 
which is representative of the 
type used in voltage-regulating 
power supplies. In this type of 
regulator, the series pass transis¬ 
tor is usually operated as an 
emitter-follower, and the control 
(error) signal used to initiate the 
regulating action is applied to the 
base. The base control is developed 
by a dc amplifier. This amplifier, 
which is included in the feedback 
loop from the load circuit to the 
pass transistor, senses any change 
in the output voltage by compari¬ 
son of this voltage with a known 
reference voltage. If an error ex¬ 
ists, the error voltage is amplified 
and applied to the base of the pass 
transistor. The conduction of the 
pass transistor is then increased 
or decreased in response to the 
error signal input as required to 
maintain the output voltage at the 
desired value. 

Voltage-regulating power sup¬ 
plies are required to maintain a 
constant output voltage, independ- 
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ent of the load current, as shown 
in Fig-. 221(a). The supply, there¬ 
fore, usually has a very low out¬ 
put impedance. For this reason, 
voltage-regulating supplies must 
often be made current-limiting to 
protect the regulator from very 
high current drawn at the output 
terminal, such as may be caused 
by a short circuit. In voltage- 
regulating current-limiting power 
supplies, the load current is pre¬ 
vented from rising above some 
predetermined design value by re¬ 
duction of the power-supply out¬ 
put voltage when this current limit 
is reached, as shown in Fig. 
221(b). 

Fig. 223 shows the basic con¬ 
figuration for a linear regulator 
circuit used in current-regulating 
power supplies. This regulator 
senses the voltage across a resistor 
in series with the load, rather 


than the voltage across the load 
circuit as in the linear voltage 
regulator. Because the voltage 
across the series resistor is di¬ 
rectly proportional to the load 
current, a detected error signal 
can be used to cancel any tendency 
for a change in load current from 
the desired value. Ideally, the 
linear current regulator has an 
infinite output impedance and out¬ 
put characteristics as shown in 
Fig. 221(c). 

The regulator circuit used with 
voltage-regulating current-regu¬ 
lating power supplies is essen¬ 
tially a combination of the other 
types of linear regulators. As 
shown in Fig. 221(d), the output 
response characteristics of this 
type of regulated supply exhibit a 
crossover point at which the sup¬ 
ply switches from voltage regula¬ 
tion to current regulation. 



Figure 223. Basic series regulator modified for current sensing. 
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Fig. 224 shows a block diagram 
of a voltage-regulating current¬ 
regulating power supply. The in¬ 
put ac power is rectified and fil¬ 
tered and is then applied to the 
regulating circuit. When pre¬ 
regulators are used, as is normally 
the case, switching types are pre¬ 
ferred. The efficiency of the 
switching regulator is extremely 
high and a fast response time to 
load or line variations is not re¬ 
quired at this point in the circuit. 
(The operation and characteristics 
of switching regulators are dis¬ 
cussed later in the section on 
Switching Regulators.) 

The output from the preregu¬ 
lator is transferred to the series 
pass element which provides the 
fast response time for the entire 
regulating circuit. At this point 
in the circuit, a sample of the out¬ 
put voltage is compared with a 
reference voltage and the result¬ 
ing error signal, which is propor¬ 
tional to the difference between 
these voltages, is amplified and de¬ 
livered to the base of the pass 
transistor to correct the output 
voltage. 

In this type of system, the re¬ 
sulting output voltage is highly 
dependent upon the accuracy of 
the reference supply. Such a volt¬ 
age source may be a temperature- 
compensated Zener diode in series 
with a very constant source of 


current so that the diode incre¬ 
mental resistance has no effect on 
the output voltage. The sensitivity 
of the regulator is an inverse 
function of the gain of the drive 
amplifier. The smaller the varia¬ 
tion to be sensed, the higher the 
required gain of the amplifier. A 
higher gain, however, results in 
less stability. 

Performance Parameters— 

Most voltage-regulated power sup¬ 
plies are required to provide volt¬ 
age regulation for wide variation 
in load current. It is important, 
therefore, to specify the output 
impedance of the supply, AYont/ 
AloutJ over a large band of fre¬ 
quencies. This parameter indi¬ 
cates the ability of the power sup¬ 
ply to maintain a constant output 
voltage during rapid changes in 
load. The output impedance of a 
typical voltage-regulated supply is 
normally less than 0.1 ohm at all 
frequencies below 2 kHz. Above 
this frequency, the impedance in¬ 
creases and may be as much as 
several ohms. 

A power supply must continue 
to supply a constant voltage (or 
current) regardless of variations 
in line voltage. An index of its 
ability to maintain a constant out¬ 
put voltage or current during in¬ 
put variation is called the line 
regulation of the supply, which is 
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defined as 100 (Vo'/Vo), or as 
the change in output voltage AVo, 
for a specified change in input 
voltage, expressed in per cent. 
Typical values of line regulation 
are less than 0.01 per cent. 

Another important power-sup¬ 
ply parameter is load regulation, 
which specifies the amount that 
the regulated output quantity 
(voltage or current) changes for 
a given change in the unregulated 
quantity. Load regulation is 
mainly a function of the stability 
of the reference source and the 
gain of the feedback network. 

A power-supply parameter re¬ 
ferred to as recovery time de¬ 
notes the time required for the 
regulated quantity (voltage or 
current) to return to the specified 
limits when a step change in load 
is applied, as shown in Fig. 225. 
Recovery time is a function of 
the frequency response of the 
feedback network of the power 
supply. For voltage-regiilated sup¬ 
plies, the “roll-off” of the feed¬ 
back network increases the output 



Figure 225. Typical recovery-time charac¬ 
teristics for regulated dc power supplies. 

impedance at high frequencies, 
and the impedance becomes induc¬ 
tive. As a result, the high-fre¬ 
quency harmonics of the step 
change in the load current induce 
a spike of voltage at the output. 

The amount of change in the 


output voltage of the regulated 
power supply from an initial 
value over a specified period of 
time is referred to as drift. This 
parameter is measured after an 
initial warm-up period with a 
constant input voltage and load 
applied and the ambient tem¬ 
perature held constant. 

Transistor Requirements—In 
linear series regulators, the tran¬ 
sistor parameters that affect cir¬ 
cuit design and performance are 
collector dissipation, maximum 
collector current Ic(max), leakage 
current (Iceii most cases), 
current gains hp^ and hf^, col- 
lector-to-emitter saturation volt¬ 
age VcE(sat), collector-to-emitter 
breakdown voltage Vceo (sus) , and 
second breakdown S/b. 

The collector-dissipation rating 
limits the amount of power which 
the series transistor can safely 
dissipate when the power supply 
is short-circuited. The maximum 
collector current Ic(max) limits 
the total current which the regu¬ 
lator can handle. A low value of 
leakage current is required to 
maintain the stability of the cir¬ 
cuit and, possibly, to prevent 
thermal runaway. This require¬ 
ment makes silicon transistors 
especially suitable for use as the 
regulator pass element because 
leakage current is generally much 
lower in silicon transistors than 
in germanium types. The current- 
gain parameters hpE ^iid hf^. de¬ 
termine the amount of drive cur¬ 
rent needed at various collector 
current levels. The ac forward- 
current transfer ratio h^^ also de¬ 
termines the output impedance of 
the supply. A high results in 
a low output impedance. The satu¬ 
ration voltage Vpp/sat) is one 
factor that determines the re¬ 
quired input voltage to the regu- 
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lator for a specified output voltage 
and current. The collector-to-emit- 
ter breakdown voltage Vceo(sus) 
limits the maximum output volt¬ 
age of the power supply. Second- 
breakdown considerations in cir¬ 
cuit applications of transistors 
were discussed previously in the 
section on Second Breakdown. 

Current-Limiting Techniques 

—One of the problems encoun¬ 
tered in the design of series tran¬ 
sistor voltage regulators is protec¬ 
tion of the series control element 
from excess dissipation because 
of current overloads and short 
circuits. 

In some series voltage-regulator 
circuits, overloading results in 
permanent damage to the series 
control transistor. For example, 
when the output terminals of the 
regulator circuit shown in Fig. 
226 are shorted, the full input 
voltage and available current are 
applied to the series control tran¬ 
sistor. This power usually is 
many times greater than the dis¬ 
sipation ratings of the series 
transistor. 



A series fuse is sometimes used 
in an attempt to protect the series 
transistor from this excessive 
dissipation. A series fuse cannot 
usually provide the necessary 
protection under all overload con¬ 


ditions, however, because the 
thermal time constant of the fuse 
is normally much greater than 
that of the transistor. 

Protection for all overload con¬ 
ditions may be accomplished by 
use of a circuit which limits the 
current to a safe value, as deter¬ 
mined from the dissipation rating 
of the series regulator transistor. 
An effective current-limiting cir¬ 
cuit must respond fast enough 
to protect the series transistor 
and yet permit the circuit to re¬ 
turn to normal regulator opera¬ 
tion as soon as the overload con¬ 
dition is removed. It is desirable 
to achieve current-overload pro¬ 
tection with minimum degrada¬ 
tion of regulator performance. 

One method of achieving limit¬ 
ing is to use a resistor in series 
with the regulator transistor. The 
large resistance normally re¬ 
quired, however, dissipates a 
large amount of power and de¬ 
grades the regulator performance. 

The current-limiting section 
(dashed line) of the regulator 
circuit shown in Fig. 227 (a) is 
designed to appear as a large 
series resistance during current 
overload and as a negligible re¬ 
sistance during normal operating 
conditions. The value of resistance 
E 5 is designed so that, during 
normal regulator operation, tran¬ 
sistor Q 4 operates in the saturated 
condition. For the overload condi¬ 
tion, R 4 is adjusted so that the 
maximum allowable value of over¬ 
load current through this resistor 
produces a voltage drop large 
enough to cause silicon rectifier 
CKi to conduct. Conduction of CRi 
reduces the bias to Q4, so that 
the transistor appears as an in¬ 
creasing series resistance in the 
regulator circuit. 

Under short-circuit conditions, 
the entire value of input voltage 
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Vin appears across Q 4 simultane¬ 
ously with the limiting value of 
current. Transistor Q 4 must be 
capable of withstanding the re¬ 
sulting dissipation. When the 
current limit is reached, the 
junction temperature of Q 4 rises 
to a value considerably above the 
ambient temperature. This in¬ 
crease in junction temperature 
causes the value of short-circuit 
current to rise slightly because 
of the inherent variation of the 
base-to-emitter voltage Vbe with 
temperature in transistors. This 
effect is minimized by mounting 
silicon rectifier CRi and transis¬ 


tor Q 4 on a common heat sink so 
that their respective junction tem¬ 
peratures may reach the same 
value (the values of their respec¬ 
tive Vbe ^nd forward-voltage-drop 
temperature coefficients are com¬ 
parable) . 

Performance characteristics for 
the transistor series voltage regu¬ 
lator of Fig. 227 (a) are shown in 
Fig. 227(b). 

Although the series-regulator 
circuit shown in Fig. 227(a) pro¬ 
vides adjustable current limiting 
with simple circuitry and mini¬ 
mum power loss during normal 
operation, it has the disadvantage 
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Figure 227. Series voltage regulator with 
transistor current-limiting circuit (inside 
dashed lines) added: (a) schematic diagram; 
(b) response characteristics. 
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of requiring a second series tran¬ 
sistor capable of withstanding 
short-circuit output current and 
total input voltage simultaneously. 

In many high-current high- 
voltage regulator circuits, it is 
necessary to use parallel or series 
connections of pass transistors so 
that the voltage, current, and 
power ratings of the series con¬ 
trol element are not exceeded. The 
method shown in Fig. 227 (a) may 
not be practical in this applica¬ 
tion because of the additional 
series transistor required. The 
circuit shown in Fig. 228(a) 


eliminates the need for an addi¬ 
tional series transistor by use of 
the series regulator transistor as 
the current-limiting element. This 
method is very effective when a 
Darlington connection is used for 
the series control transistor. A 
desirable feature of this circuit 
in high-current regulators is that 
it functions well, even when the 
value of resistor R 4 is reduced to 
zero. 

In the circuit shown in 
Fig. 228(a), current limiting is 
achieved by the combined action 
of the components shown inside 



Figure 228. Series voltage regulator using 
pass transistor as part of current-limiting 
circuit: (a) schematic diagram; (b) response 
characteristics (for R 4 = 0 ). 
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the dashed lines. The voltage de¬ 
veloped across R 4 and the base- 
to-emitter voltages of Qi and Q 2 
are proportional to the circuit out¬ 
put current. During current over¬ 
load, these voltages add up to a 
value great enough to cause CRi 
and Q 4 to conduct. As CRi and 
Q 4 begin to conduct, Q 4 shunts a 
portion of the bias available to 
the series regulator transistor. 
This action, in turn, increases the 
series resistance of Qi. The value 
of current in the circuit, under 


current-limiting conditions, is ad¬ 
justed by varying the value of 
resistance R 4 . 

Higher current ranges may be 
obtained by increasing the num¬ 
ber of rectifiers represented by 
CRi. Temperature drift is mini¬ 
mized by mounting transistors Qi 
and Q 4 on a common heat sink. 
Performance characteristics for 
this circuit (for R 4 — 0 ) are 
shown in Fig. 228(b). 

The circuit shown in Fig. 
229(a) is a variation of that 


r 




(b) 


Figure 229. Series voltage regulator which 
uses additional transistor-diode network and 
series pass transistor to accomplish current- 
limiting function: (a) schematic diagram; 
(b) response characteristics. 
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shown in Fig. 228(a). Current 
limiting is adjusted by varying 
E 4 and by changing the number 
of silicon rectifiers represented 
by CFi. Temperature drift is 
minimized by mounting the series 
control transistor and silicon 
rectifier CRi on a common heat 
sink. Performance characteristics 
for this circuit are shown in Fig. 
229(b). The circuits shown in 
Figs. 228 and 229 are both ap¬ 
plicable to high-current high- 
voltage regulators because addi¬ 
tional series power transistors 
are not required. 

Fig. 230(a) shows another 
current-limiting circuit in which 
the regulator series control tran¬ 
sistor is used as the current- 
limiting element. The series ele¬ 
ment must be capable of with¬ 
standing input voltage and short- 
circuit current simultaneously. 
The value of short-circuit current 
is selected by adjusting the value 
of resistor R 4 . Performance char¬ 
acteristics of this circuit are 
shown in Fig. 230(b). The cir¬ 
cuit functions equally well with 
resistor R 4 located in the posi¬ 
tive output lead. 


Design of a Practical Series 
Regulated Power Supply 

Fig. 231 shows the circuit dia¬ 
gram of a voltage-regulated 
current-limited power supply. 
The function of the differential 
amplifier is to maintain the output 
voltage equal to the voltage at the 
top of Radjj which is at point Vf. 
Because the input impedance of the 
differential amplifier is high, a 
negligible amount of current flows 
into its terminals. Therefore, es¬ 
sentially all of the current sup¬ 
plied by the reference voltage 
supply Vrkp flows through the re- 
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Figure 230. Current-limiting series voltage 
regulator in which series pass transistor 
must be capable of withstanding input 
voltage and short-circuit current simul¬ 
taneously: (a) schematic diagram; (b) re¬ 
sponse characteristics. 
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sistive voltage divider consisting 
of Rcal Radj- Under quiescent 
conditions, the ratio of the refer¬ 
ence voltage to the output voltage 
Vo is given by 


Vref/Vo = Rcal/Radj (254) 


As long as the reference volt¬ 
age remains constant, a constant 
current Irep flows through Rcal- 
Essentially, this same current 
(minus a negligible amount that 
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flows into the differential ampli¬ 
fier) flows through Radj* The 
output voltage can be expressed 
by the following product: 

Vo = lo Radj (255) 

If a current of 0.01 ampere flows 
through Radj> the output voltage 
is then adjusted at the rate of 
1/0.01 or 100 ohms per volt. The 
resistance Radj he located 

at a remote point from the supply 
to make the supply remotely pro¬ 
grammable. 

Eq. (254) implies that the sta¬ 
bility of the dc output voltage of 
the power supply is a direct func¬ 
tion of the stability of the refer¬ 
ence voltage. Stability of the ac 
feedback system of the power 
supply is maintained by the addi¬ 
tion of a large value of capaci¬ 
tance in parallel with the output 
voltage of the power supply, as 
shown in Fig. 232, which illus¬ 
trates the feedback mechanism 
of a voltage-regulated power 
supply. There are three points 
in the circuit at which phase 
shifts may occur: the pass tran¬ 


sistor, the driver amplifier, and 
the differential amplifier. If the 
sum of these phase shifts is ap¬ 
proximately 180 degrees, and 
if there is a point in the circuit 
at which the gain is greater than 
unity, the entire system will be¬ 
come unstable. The addition of a 
capacitor at the output decreases 
the gain at higher frequencies 
when the total phase shift (in¬ 
cluding that created by the ca¬ 
pacitor itself) is 180 degrees or 
more. In addition, because of the 
inverse relationship of capacitance 
reactance to frequency, this ca¬ 
pacitor decreases the total output 
impedance at higher frequencies. 

Transistor and resistor Rg 
form the current-limiting con¬ 
figuration for this power supply. 
When the output current Iq ex¬ 
ceeds the current-limiting value 
of load current lo(max), the cor¬ 
responding voltage drop across 
Rg becomes large enough to 
forward-bias transistor Qj,. Tran¬ 
sistor Qi, then diverts all drive 
current greater than that needed 
to supply lo(max) from the dif¬ 
ferential amplifier to reference 



Figure 231. Voltage-regulated current-limited power supply. 
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Figure 232. AC feedback circuit for a voltage-regulated power supply. 


ground. At the same time, the im¬ 
pedance of the pass transistor 
increases to maintain the output 
current at a value essentially 
equal to lo(max), while the differ¬ 
ential amplifier remains tempo¬ 
rarily in saturation. 

Design Equations and Proce¬ 
dure—The following is a step-by- 
step procedure for the design of a 
practical voltage-regulated cur¬ 
rent-limited power supply such as 
that shown in Fig, 231: 

1. The desired input and out¬ 
put conditions for the power sup¬ 
ply and the expected deviations 
from these values are determined. 
In this determination, the follow¬ 
ing parameters must be consid¬ 
ered: 

Input Conditions 

Input voltage Vj 

Possible positive change in in¬ 
put voltage caused by line 
variation, AVi 

Possible negative change in in¬ 
put voltage caused by line 
variation and ripple, AVn 

Input voltage source impedance 
Ri 

Maximum case temperature 
Tc(niax) 


Output Conditions 

Maximum output voltage 
Vo (max) 

Maximum output current 
lo(max) 

2. A value is selected for the 
output voltage of the reference 
supply that satisfies the following 
condition: 

Vo/20 < Vref < Vo/10 (256) 

3. One of the following equa¬ 
tions for a programmable power 
supply is used to calculate the 
value for Radj- (Typically, a pro¬ 
grammable power supply will have 
an Radj equal to 100 ohms per 
volt or 1000 ohms per volt.) 

Radj = 100 V©, or Radj = 1000 V© 

(257) 

4. The resistance value for 
I^cAL is calculated by use of the 
following equation, which is ob¬ 
tained by rearrangement of terms 
in Eq. (254): 

Rcal = (Vref X Radj)/Vo (258) 
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5(a). Initially, the transistor 
should satisfy the following re¬ 
quirements : 

VcEo(sus) > Vi + AVi (259) 
Ic(max) > Io(max) 

where Vi is the input supply volt¬ 
age, AVi is the maximum varia¬ 
tion in line voltage, is the 
maximum rating for collector cur¬ 
rent, and lo(max) is the maxi¬ 
mum output current. 

(b) The maximum available 
output current from the differen¬ 
tial amplifier is then deter¬ 
mined. 

(c) The total current gain Aj 
of the cascaded driver stages and 
the pass unit is given by 

Ai = hFE(min)i X hFE(min)2 
X ... X hFE(min)n (260) 

Therefore, the appropriate num¬ 
ber of driver stages is selected so 
that the total current gain will 
satisfy the following requirement: 

Ai > Io(max)/Id (261) 

In addition, each driver transis¬ 
tor in the cascaded configuration 
should have a collector-to-emit- 
ter sustaining voltage Vceo(sus) 
equal to or greater than that of 
the pass transistor Qi. 

(d) The value of resistor Kg is 
determined from the following re¬ 
lationship : 

Rs = VBE/Io(max) (262) 

where Vbe is the base-to-emitter 
voltage of transistor Ql- 


(e) The current-limiting tran¬ 
sistor Ql is selected. The maxi¬ 
mum collector-to-emitter voltage 
rating of this transistor Vceo 
should be greater than that of 
the differential amplifier. 

(f) To assure that the maxi¬ 
mum output voltage Vo is ob¬ 
tained under maximum output- 
current conditions, the following 
quantities must be defined: 

VbEI + VbE2 4“ • • • + VbEh—1 

4- VcE(sat)n = Vx (263) 

VcE(sat)i = Vy (264) 

Under the prescribed conditions, 
one of the two quantities Vx or 
Vy, whichever is larger, appears 
across the pass transistor Q^. 
(Whether Vx or Vy is larger is 
determined by the saturation 
characteristics of the transistor 
types used for the drive and pass 
transistors.) This larger value 
(the quantity Vx or Vy) must be 
less than the effective input volt¬ 
age minus the output voltage, i.e., 

VxOrVy < [Vi-AVn- Imax (Ri+Rs)] 
- Vo (265) 

where the bracketed term in the 
inequality defines the effective 
input voltage. 

(g) The selection of the proper 
transistor for use as the pass ele¬ 
ment is based partly on the maxi¬ 
mum power that can be dissipated 
by the device. This maximum 
power value is calculated accord¬ 
ing to the following procedure: 

First, the output voltage from 
the regulator is determined from 
the following equation: 

Vo = Vi - lo (Rs + Ri) ~ Vpass + AVi 

(266) 
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This equation is rewritten to ob¬ 
tain an expression for the voltage 
dropped across the pass transis* 
tor, as follows: 

Vpass = Vi + AVi - Vo - lo (Ri+Rs) 

(267) 

The power dissipated by the pass 
transistor is given by 

Ppass = lo Vpass (268) 

Substitution of Eq. (267) into 
Eq. (268) results in the following 
expression for the power dissipa¬ 
tion in the pass transistor: 

Ppass = Io (Vi-j-AVi)- loVo 

- lo' (Ri+Rs) (269) 

To determine at what value of 
output current the power dissi¬ 
pation is maximum, the partial 
derivative of power with respect 
to current is set equal to zero, as 
follows: 


dPp,,ydi = (Vi+AVi)-Vo 
- 2Io (Ri+Rs) = 0 

(270) 


The maximum power in the cir¬ 
cuit occurs, therefore, when 


lo 


Vo + AVi - Vo 

2(Ri+Rs) 


(271) 


Eq. (271) shows that the abso¬ 
lute maximum power is dissipated 
by the pass transistor when the 
output voltage Vo is zero. For this 
condition, the equation for the 
output current lo becomes 


Vi + AVi 
2(Ri+Rs) 


(272) 


Therefore, the maximum power 
dissipated by the pass transistor 


occurs when the output voltage is 
zero (i.e., when the output termi¬ 
nals are short-circuited). If the 
power supply is current-limited 
to a value of current less than 
(Vi + AVi)/2(Ri + Rs), then the 
maximum power dissipated by the 
pass transistor can be expressed 
as follows: 


Ppass(max) - lo (Vi+AVi) 

- lo' (Ri+Rs) (273) 


where lo is the maximum value 
of current allowed by the current- 
limiting circuit. 

Consequently, if a transistor is 
to be specified for safe operation 
as a pass element, this maximum 
power dissipation Ppass must be 
less than or equal to the maximum 
power rating of the transistor at 
the maximum case temperature. 

(h) In addition, the maximum 
safe operating region for the 
transistor in this supply (a rec¬ 
tangle in which the upper right- 
hand corner is Vj, Iq) should be 
within the maximum safe operat¬ 
ing region of this device. 

Sample Design—The following 
example illustrates the use of the 
basic design procedure and equa¬ 
tions in the design of a prac¬ 
tical voltage-regulating current- 
limiting power supply. It is as¬ 
sumed that the rectified ac power 
source is the output from a bridge 
rectifier that has a 200-microfarad 
filter capacitance, isolated from 
the line by a 1:1 transformer. 

1 . The desired operating condi¬ 
tions are selected as follows: 

Input Conditions 

Input voltage Vj = 150 V 

Possible positive change in in¬ 
put voltage AVi = 20 V 
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Possible negative change in in¬ 
put voltage AVn = 40 V 

Input source impedance Rj = 
10 ohms 

Maximum case temperature 
TgCmax) = 75°C 

Output Conditions 

Output voltage Vo = 100 V 

Maximum output current 
lo(max) = 0.3 A 

2 . A value of 8.2 volts is se¬ 
lected for the reference voltage 
on the basis of the following re¬ 
quirement : 

Vo/20 < Vref < Vo/10 

3. From Eq. (257), the value of 
I^ADj is calculated as follows: 

Uadj = 1000 Vo = 100 (120) 

= 120,000 ohms 

4. From Eq. (258), the value of 
I^cAL is calculated to be 

Rcal == (Vref/Vo) Radj 

= (8.2 X 100 X 10^)/150 
= 5500 ohms 

5(a). The RCA-2N5240 transis¬ 
tor is selected for the pass tran¬ 
sistor because it satisfies the 
following conditions: 


VcEo(sus) > Vi X AVi 

225 > 150 + 20 = 170 
Ic(max) > lo(max) 

5A > 0.3 A 


(b) A differential amplifier 
that has an available drive 1 ^ 
equal to 0.4 milliampere is used. 

(c) From Eq. (260), the total 


current gain of the driver stage is 
determined as follows: 

Ai > Io(max)/Id = 300 mA/0.4 mA 
= 750 

(d) The 2N3440 is a suitable 
drive transistor because it fulfills 
the following requirement: 

hFE(min)i X hFE(min )2 > Ai 
20 X 40 = 800 > 750 

(e) The 2N2102 transistor is 
suitable as the current-limiting 
device because it meets the follow¬ 
ing requirement: 

VcEo (of Ql) > Vo(max) 

(of differential amplifier) 

65 V > 8.2 V 


(f) The quantities V^ and Vy 
are determined as follows: 


Vbei = Vbe (of TA2765 

at lo = 0.3 A) = 1 V 
VcE(sat )2 = VcE(sat) (of 2N3440 

at Ic = 15 mA) = 0.5 V 
Vbei + VcE(sat)2 = 0.64 -{- 0.75 
= 1.39 V - Vx 

VcE(sat)i (for TA2765) = 2.5V 

- Vy 

Vy > Vx 

Therefore, V^ = 2.5 V (V^ is used 
to represent the larger of the two 
quantities Vx and Vy). The quan¬ 
tity Vjj must meet the following 
requirement: 

V. < (Vi-AVJ - Vo 

— lo(max) (Ri+Rs) 

2.5 < 170 - 40 - 120 - 0.3(10-1-2) 
2.5 < 6.1 
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(g) The maximum power point 
is then determined as follows: 


lo(max) < (Vi+AVi)/2(Ri+Rs) 
0.3 < (150+20)/2(10-f2) 

= 170/24 = 7.1 


Therefore, is deter¬ 

mined from Eq. (273) as follows: 


Ppass(max) = lo (Vi+AVi) 

— lo^ (Ri+Rs) 

= (0.3) (170) 

- ( 0 . 3)2 ( 10 + 2 ) 

= 51 - 1.08^^50 watts 


The maximum power rating of 
the 2N5240 is 70 watts at 75°C; 
therefore, the power-handling ca¬ 
pability of this transistor makes it 
suitable for use as the pass ele¬ 
ment. 


(h) The maximum operating re¬ 
gion for the 2N5240 in this sup¬ 
ply is within the maximum safe 
operating region of this device, as 
shown in Fig. 233. Fig. 234 shows 
the complete circuit diagram for 
the voltage-regulated current-lim¬ 
ited power supply; Fig. 235 shows 
the schematic for the reference- 
voltage power supply. 



Figure 233. Safe-area curve for the RCA 
2N5240 transistor. Dashed-line rectangle in¬ 
dicates that transistor operates within rat¬ 
ings in the 100-volt current-limiting (0-3 
ampere) series-regulated power supply. 



Figure 234. Schematic diagram of 100-volt series-regulated dc power supply in which 
output current is limited to a maximum value of 0.3 ampere. 
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Figure 235. Schematic diagram of reference voltage supply for regulated power supply 

shown in Fig. 234. 


Shunt Regulators 

Although shunt regulators are 
not as efficient as series regulators 
for most applications, they have 
the advantage of greater simplic¬ 
ity. The shunt regulator includes 
a shunt element and a reference- 
voltage element. The output volt¬ 
age remains constant because the 
shunt-element current changes as 
the load current or input voltage 
changes. This current change is 
reflected in a change of voltage 
across the resistance Ri in series 
with the load. A typical shunt reg¬ 
ulator is shown in Fig. 236. 

The shunt element contains one 
or more transistors connected in 
the common-emitter configuration 
in parallel with the load, as shown 
in Fig. 237. 

Design Procedure and Equa¬ 
tions—The following step-by-step 
procedure is recommended for the 
design of transistor shunt-type 
voltage regulators: 

1 . The desired input require¬ 
ments, load conditions, and out¬ 
put-voltage requirements are de¬ 
fined in terms of the following 
parameters: 


Input voltage Vg 

Input-voltage variation A Vg 

Source resistance Rg 

Output load resistance Rlo 

Output voltage Vo 

Output-voltage variation A Vo 

The terms Vg and Rlo design- 
center values; AVg and ARl are 
maximum deviations from these 
values. 

2 . The transistor type selected 
must operate within ratings for 
the following values of Vi(max), 
Ii(max), and maximum dissipa¬ 
tion P] (max) across the shunt ele¬ 
ment when both line and load reg¬ 
ulation are required: 

Ii(max) = IiXmax) 

= Vo(Rlo - ARl) (274) 

Vi(max) = Vo 

(under forward-bias 
conditions) (275) 

Pi (max) = Ii(max) Vi(max) (276) 
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Figure 236. Basic configuration for a 
typical shunt regulator. 

3. A value for resistance R 2 to 
provide a current greater than 
the minimum value required to 
supply the reference voltage (i.e., 
to break down a voltage-reference 
diode, for example) is determined. 
The following equation may be 
used as a guide: 


If a value of series resistance is 
assumed for the reference Rf, this 
equation can be solved for hf^- It 
can be shown that 


Ro 


Rf+ 


hjc R 2 
hio + R2 


1 + hfe 


R 2 

R2 + hie 


(279) 


where hf^ = hf^i hf^^o • • • hfem^ 
hfen and hj^ are the ac current 
transfer ratio and the input im¬ 
pedance, respectively, of the Qn 
stage. 

5. The values of and for 
the shunt element are determined 
as follows: 


In = Ii/(hFEl hFE2 • • • hFEn-l) (280) 


R 2 = n/Io (277) 

where n is the number of stages 
in the shunt element. 

4. The output resistance Ro of 
the regulator is given by 

Ro== (2 AVo/Vo)/Rlo (278) 



Figure 237. Shunt regulator circuit using 
two transistors as the shunt pass element. 


where hpEn-i is the dc current gain 
of the Qn.i stage of the shunt ele¬ 
ment measured at a collector cur¬ 
rent of In.j. 

Vn == Vi + V2 + . . . + Vn_l ( 281 ) 

where is the base-to-emitter 
voltage of the Qn.i stage at a col¬ 
lector current of In.i. 

6 . A voltage reference source is 
selected which has a resistance 
less than the value that had been 
assumed for Rf (or hfe is recom¬ 
puted using a new value of Rf), 
a voltage Vr = Vq — V^, a maxi¬ 
mum current greater than lo + In, 
and a maximum dissipation rating 
greater than Vr (lo + In). 

7. The value of series resistance 
R, including both source resis¬ 
tance Rg and external resistance 
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Ri, is determined. The value of R 
depends on the value of the input 
voltage Vg and its variation AVg; 
R may be expressed in terms of 
these quantities as follows: 


Vs+AVs = Vo+R [lL(max)+Ii(max)] 

(282) 


Vs-AVs = Vo+R Ii(max) (283) 


For the usual case, Ii(max) is 
equal to iL(max). 

Sample Design—The following 
example illustrates the procedure 
used in the design of a practical 
shunt type of voltage regulator 
such as that shown in Fig. 238. 
When the step-by-step procedure 
refers to components by reference 
designations, Fig. 237 indicates 
the component being considered. 



Figure 238. Schematic diagram of 28-volt 
shunt regulator circuit. 


1. The first step in the design 
of a regulated power supply is to 
establish the circuit operating con¬ 
ditions and requirements. For the 
example chosen, the following pa¬ 
rameter values are assumed: 
Source resistance Rg = 10 ohms 
Output load resistance Rl^ — 
110 ohms 


Possible variation in output load 
resistance ARl = ±55 ohms 
Input voltage Vg = 49 volts 
Possible change in input voltage 
AVg = ±7 volts 
Output voltage = 28 volts 
Possible change in output volt¬ 
age AV(, = ±0.0125 volt 
Maximum transistor case tem¬ 
perature Tc(max) =: 55°C 

2. A transistor for use as the 
shunt pass element is then selected 
on the basis of the maximum cur¬ 
rent, voltage, and power dissipa¬ 
tion that the pass element will be 
subjected to in the power-supply 
circuit. These maximum values are 
determined as follows: 

Ii(max) = It, (max) 

= Vo/(Rlo”ARl) 

= 0.5 ampere 

Vi(max) = Vo = 28 volts 
under forward-bias conditions 

Pi (max) = Vi(max) Ii(max) 

= 28 X 0.5 = 14 watts 

The data on the RCA-2N1485 in¬ 
dicate that this transistor can 
operate within ratings for these 
circuit conditions and, therefore, 
is suitable for use as the pass 
element. 

3. A voltage-reference diode to 
supply the voltage is selected. 
If an output current lo of 2 milli- 
amperes is required to supply the 
reference voltage Vr (i.e., to 
break down the voltage-reference 
diode) and if two stages are used 
for the shunt pass element, the 
value of the resistance R2 in series 
with the voltage-reference diode 
is calculated as follows: 


R2 = 2/(2X10-^) = 1000 ohms 
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4. The output resistance of the 
regulator is calculated as follows: 

Ro = (2 AVo/Vo)/Rlo 
= (0.025/28)7110 
= 0.10 ohm 


An RCA-2N1481 transistor meets 
these requirements. The following 
design-center values can be ob¬ 
tained from published data for the 
2N1481 for a collector current of 
5 milliamperes: 


5. If the series resistance Rf is 
assumed to be 5 ohms and the 
stage is assumed to have a typical 
input impedance h^^ of 50 ohms, 
the ac current transfer ratio hf^ 
of the pass element is determined 
from the following calculation: 


Rf + 


Ro = 


Rt> hie 
hie + R2 


1 + hfe 


R 2 


hie -h R 2 


hfe2 =20 hie = 50 

hFE2 = 25 Vbe = 0.7 V 


The value of h^^ = 50 is determined 
from the slope of the typical base- 
characteristics curve (VjiE vs. 1^) 
at the 5-milliampere collector-cur¬ 
rent operating point, where = 
Ic/hFE 2 = 5/25 = 0.2 milliampere. 
If actual measurements indicate a 
different value from that assumed 
above, the new value is used and 
hfp is recomputed. 


0.10 


5 + 


1000 X 50 
50 -I- 1000 


1 + hfe 


1000 


50 -f 1000 


6 . The current I 2 and voltage V 2 
are calculated as follows: 


I 2 = Ii/(hFEihFE 2 ) = 250/(50X25) 
= 0.20 mA 


hfe = 52.9/0.095 = 560 

Consequently, two stages are re¬ 
quired for the shunt element, with 
a product hf^i x hfe 2 = 560. The 
2N1485 selected in step (2) for the 
first stage Qi has the following 
design-center values: 


As listed in step (5), the base-to- 
emitter voltage of the 2N1485 for 
the design-center collector current 
of 250 milliamperes is 0.8 volt. For 
the 2N1481, the base-to-emitter 
voltage for the design-center col¬ 
lector current of 5 milliamperes is 
0.7 volt. Therefore, V 2 is given by 


Ic - Ii = Vo/Rlo = 250 mA 

ffei -=56 

hFE = 50 
Vbe = 0.8 volt 

For the second stage Q 2 , there¬ 
fore, the following values are re¬ 
quired : 

hfe2 = 560/56 = 10 

Ic = Ii/hFEi = 250 mA/50 = 5 mA 


V 2 = 0.8 + 0.7 = 1.5 volts 

7. A 1N1781 silicon voltage- 
reference diode is selected on the 
basis of the following design 
conditions : 

Rf = 5 ohms 

Vr - Vo - V 2 = 28 - 1.5 - 26.5 volts 
I (max) = Iq “I" I 2 = 2 -f- 0.2 = 2.2 mA 
Pi = 26.5 X 2.25 = 60 milliwatts 
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8 . The series resistance R, 
which includes both the source re¬ 
sistance Rg and the external resis¬ 
tance Ri, is determined for the 
condition Ii(max) = iL(max) as 
follows: 


Vs — AVs = Vo + [R li(max)] 
49 - 7 - 28 -f (0.5 R) 

R = 28 ohms 


8 . The external resistance Rj, 
therefore, becomes 


Ri = R — Rs = 28 — 10 = 18 ohms 


The circuit diagram of the shunt 
voltage regulator that results from 
this step-by-step procedure is 
shown in Fig. 238. 


SWITCHING REGULATOR 

Fig. 239 shows the basic con¬ 
figuration for a switching type of 
transistor voltage regulator. In 
this circuit, the pass transistor is 
connected in series with the load, 
and regulation of the output volt¬ 
age is accomplished by on-off 
switching of the pass transistor 
through a feedback circuit. The 
feedback circuit samples the out¬ 
put voltage and compares it to a 
reference voltage. The difference 
(error signal) between the two 
voltages is used to control the on- 
off duty cycle of the pass transis¬ 
tor. If'the output voltage tends to 
decrease below the reference volt¬ 
age, the duration of the ON-time 
pulse increases. The pass transis¬ 
tor then conducts for a longer pe¬ 
riod of tiipe so that the output 


voltage increases to the desired 
level. If the output voltage tends 
to rise above the reference voltage, 
the duration of the ON-time pulse 
decreases. The shorter conduction 
period of the pass transistor then 
results in a compensating decrease 
in output voltage. Some type of 
filter is required between the pass 
transistor and the load to obtain 
a smooth dc output. A commonly 
used filter consists of an LC net¬ 
work and a commutating diode. 

There is another method of 
pulse-width modulation in which 
the pass element is switched at the 
line frequency and the conduction 
angle is varied to obtain the de¬ 
sired pulse width. This type of 
control is generally used with 
SCR's because turn-on of an SCR 
is simple and turn-off is accom¬ 
plished automatically when the 
line voltage reverses. Transistor 
circuits, although not usually as 
simple, can also be used. It should 
be noted that a switching regu¬ 
lator operating in this mode re¬ 
quires that devices be used in 
front of any filtering. This re¬ 
quirement does not exist for most 
transistor switching regulators. 

The major advantage of the 
switching regulator over the linear 
regulator is the higher efficiency 
that results from the mode of 
operation of the series pass tran¬ 
sistor. In this mode of operation, 
the transistor is operated in its 
two most efficient stages, either at 
cutoff or at saturation. As a result, 
dissipation is considerably less 
than when the transistor is oper¬ 
ated in the linear region. The re¬ 
sponse time of the switching reg¬ 
ulator, however, is usually slower 
than that of the linear regulator, 
but can be improved by operation 
of this circuit at higher frequen¬ 
cies. 
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Figure 239. Basic configuration of switching type of transistor voltage regulator: 
(a) block diagram; (b) schematic diagram. 


Filter Considerations 

A fundamental part of every 
switching regulator is the filter. 
Fig. 240 shows the various types 
of filters that can be used. Selec¬ 
tion of the optimum filter for a 
power supply is based on the load 
requirements of the particular cir¬ 
cuit and consideration of the basic 
disadvantages of the various types 
of filters. 

A capacitive filter, shown in Fig. 
240(a), has two primary disad¬ 
vantages: (1) because large peak 
currents exist, R must be made 
large enough to limit peak transis¬ 
tor current to a safe value; and 
(2) the resistance in this circuit 
introduces loss. 

An inductive filter, shown in 
Fig. 240(b) has three disadvan¬ 
tages: (1) The inductance may 
produce a destructive voltage 
spike when the transistor turns 


off. This problem, however, can 
be solved effectively by the addi¬ 
tion of a commutating diode, as 
shown in Fig. 241. This diode 


R 



Figure 240. Typical filter circuits for use 
between pass element and load in a switch* 
ing regulator: (a) capacitive filter; (b) in¬ 
ductive filter; (c) inductive-capacitive filter. 
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commutates the current flowing 
through the inductor II when the 
transistor switches OFF. (2) An 
abrupt change in the load resis¬ 
tance El produces an abrupt 
change in output voltage because 
the current through the load II 
cannot change instantaneously. 



Figure 241. Use of inductance and com¬ 
mutating diode as filter network between 

pass transistor and load in switching 

voltage regulator. 

(3) A third disadvantage of the 
inductive filter becomes evident 
during light loads. The energy 
stored in an inductor is given by 

E = i LP (284) 

As a result, the capability of the 
inductor to store energy varies 
with the square of the load cur¬ 
rent. Under light load conditions, 
the inductor must be much larger 
to provide a relatively constant 
current flow when the transistor 
is OFF than is required for a 
heavy load. 

Most of the problems associated 
with either a capacitive filter or 
an inductive filter can be solved 
by use of a combination of the 
two as shown in Fig. 240(c). Be¬ 
cause the energy stored in an in¬ 
ductor varies directly as current 
squared, whereas the energy out¬ 
put at constant voltage varies di¬ 
rectly with current, it is not usu¬ 
ally practical to design the in¬ 
ductor for continuous current at 
low current outputs. The addition 
of a capacitor eliminates the need 


for a continuous flow of current 
through the inductor. With the 
addition of a commutating diode, 
this filter has the following ad¬ 
vantages. 

(1) No ^flossy” elements are re¬ 
quired. 

(2) The inductive element need 
not be oversized for light 
loads because the capaci¬ 
tance maintains the proper 
output voltage Vo„t if the 
inductive current becomes 
discontinuous. 

(3) High peak currents through 
the transistor are elimi¬ 
nated by the use of the in¬ 
ductive element. 

In summary, the switching-reg¬ 
ulator filter can take on various 
forms depending upon the load re¬ 
quirements. However, if a wide 
range of voltage and current is re¬ 
quired, an LC filter is used in 
combination with a commutating 
diode. 

A practical rule of thumb is to 
design the inductor to be large 
enough to dominate the perform¬ 
ance during maximum-load condi¬ 
tions. The filter capacitor is chosen 
to be large enough to dominate 
performance at mid-range current 
values and the full range of out¬ 
put voltages. 

A primary advantage of the 
transistor switching regulator is 
that the switching freauency can 
be made considerably higher than 
the line frequency. As a result, 
the filter can be made relatively 
small and light in weight. 

The means by which the switch¬ 
ing regulator removes the line- 
frequency ripnle comnonent is il¬ 
lustrated in Fig. 242. The ON 
time increases under the valley 
points of the unregulated supply 
and decreases under the peaks. 
The net result is to remoye the 
60-Hz component of ripple and 
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introduce only ripple at the switch¬ 
ing frequency which is relatively 
high frequency and easily filtered 
out. 



-OFF 


Figure 242. Effect of high-frequency switch¬ 
ing of the switching regulator on power- 
supply ripple component. 


Transistor Parameters 

The transistor parameters af¬ 
fecting the performance of a 
switching regulator are the cur¬ 
rent gain hpj., the collector-to- 
emitter saturation voltage V(’k, sat 
the leakage current forward- 
bias second-breakdown voltage, 
and switching times. The forward- 
current transfer ratio h^j. deter¬ 
mines the amount of drive current 
needed. The collector-to-emitter 
saturation voltage V(^K^sa() is im¬ 
portant because it determines part 
of the power loss in the circuit 
and the dissipation of the tran¬ 
sistor during the ON period. The 
amount of leakage current is im¬ 
portant because the transistor es¬ 
sentially conducts this amount of 
current during the OFF period 
and thus increases dissipation. If 
this leakage current is large 
enough, the transistor can enter 
into a condition of thermal run¬ 
away. Silicon transistors, with 
their inherently lower leakage- 
current value, do not often ex¬ 
hibit this problem. Collector- 
breakdown voltage should be 
higher than the supply voltages 
encountered or the maximum volt¬ 
age that is to be switched by the 
transistor if several units are con¬ 
nected in series. 


The transistor safe-area rating 
determines the maximum power 
that can be handled by the tran¬ 
sistor and by the supply. This 
parameter and its implications 
are explained in detail in the sec¬ 
tion on Safe-Area Ratings. It 
should be noted, however, that 
the peak power dissipated by the 
transistor is also a function of 
the switching time of the commu¬ 
tating diode. This fact can be 
demonstrated by examination of 
the circuit operation. It is as¬ 
sumed that the transistor is OFF 
and the commutating diode is 
conducting. When the transistor 
turns ON, the diode requires 
some finite time to turn OFF; 
therefore, a power pul^e is gen¬ 
erated during this interval. When 
the transistor turns OFF, the in¬ 
ductive load maintains current 
through the transistor or load 
while the collector-to-emitter volt¬ 
age idses to the value of the 
input voltage This condition 
alone results in a power pulse 
which is increased by the addi¬ 
tional pulse created because the 
diode does not conduct immedi¬ 
ately when the voltage across it 
reverses. As a result, both turn¬ 
on and turn-off transients should 
be investigated carefully when the 
peak power requirement of the 
transistor is determined. 

Switching time is also a factor 
in determination of the maximum 
power that the transistor is 
capable of dissipating. When the 
transistor turns ON, the current 
flows into the load and into the 
output capacitor through the in¬ 
ductor. Energy is stored in the 
inductor and the capacitor so 
that when the switch is open (i.e., 
the transistor is cut off) this en¬ 
ergy is available to supply the 
load. During the ON time, the 
current through the inductor is 
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a linear ramp. The rate of in¬ 
crease of current dl/dt is deter¬ 
mined by L and the voltage across 
it (Vin — Vout)» as follows: 

dl/dt = (1/L) (Vin - Vout) (285) 

The peak current is, therefore, 
given by 

Ip = [(Vi. - Vout)/L] ton (286) 

The switching times, tr (rise 
time) and tf (fall time), are of 
prime consideration in selection 
of a transistor to be used as the 
switch. For good regulation over 
a wide range of input voltage and 
output current, the duty cycle 
must be variable from at least 
10 to 90 per cent (i.e., the pulse 
width could be a minimum of 
one-tenth of the period 1/lOf). 
For low switching losses, the rise 
and fall times should each be less 
than 10 per cent of the minimum 
pulse width. These requirements 
are summarized as follows: 

tr < 1/lOOf; tf < 1/lOOf (287) 

where f is the frequency of the 
pulse generator. 

Switching Arrangement—The 
transistor switching arrangement 
usually takes on one of two forms 
as illustrated in Fig. 243. If iso¬ 
lated supplies appear in the drive 
circuits of and Qo, performance 
of the two circuits is basically the 
same. However, if no isolated 
supplies are used, then the circuit 
of Fig. 243(b) has the disad¬ 
vantage that the Vce of Q 2 can¬ 
not be reduced below the Vbe of 
Qo. This condition results because 


the base of Q 2 cannot be tied to 
a point more positive than the 
plus voltage of the power supply. 

The circuit of Fig. 243(a) can 
avoid this problem if the collec¬ 
tor of the driver unit is connected 
to the positive side of the supply. 
The disadvantage is that current 
in the driver does not flow 
through the load; the power asso¬ 
ciated with this current, there¬ 
fore, is lost. 




Figure 243. Basic transistor switching ar¬ 
rangements: (a) filter elements and load 
impedance in collector circuit of switching 
transistor; (b) filter elements and load im¬ 
pedance in emitter circuit of switching 
transistor. 


The circuit of Fig. 243(b) is 
usually preferred when the power 
that results from a high Vce (sat) 
can be tolerated. 


Step-Down Switching Regulator 

A transistor switching regu¬ 
lator can be used as a dc step- 
down transformer. This circuit is 
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a very efficient means of obtain¬ 
ing a low dc voltage directly from 
a high-voltage ac line without the 
need for a step-down transformer. 
Fig. 244 shows a typical step- 
down transistor switching regu¬ 


lator. This regulator utilizes the 
dc voltage obtained from a recti¬ 
fied 117-volt line to provide a 
constant 60-volt supply. Fig. 245 
shows the performance charac¬ 
teristics for this circuit. 





Figure 245. Performance characteristics of step-down switching regulator shown in 

Fig. 244. 
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Thyristor AC Line-Voltage 
Controls 


T he use of thyristors is becom¬ 
ing increasingly important 
for power-control applications 
ranging from low voltages to 
more than 1000 volts at current 
levels from less than half an am¬ 
pere to more than 1000 amperes. 
When power control involves con¬ 
version of ac voltages and/or 
currents to dc and control of 
their magnitude, SCR's are used 
because of their inherent rectify¬ 
ing properties. SCR’s are also 
used in dc switching applica¬ 
tions, such as pulse modulators 
and inverters, because the cur¬ 
rents in the switching device 
are unidirectional. In addition, 
SCR’s are generally used when¬ 
ever the desired function can be 
accomplished adequately by this 
type of device because of the 
economics involved. 

A triac provides symmetrical 
bidirectional electrical charac¬ 
teristics. Triacs have been de¬ 
veloped specifically for control 
of ac power, and are used pri¬ 
marily for control of power to 
a load from ac power lines. 

GENERAL CONSIDERATIONS 

Thyristors are excellent de¬ 
vices for use in the control of 
ac power. In general, thyristors 


initially assume a blocking, or 
high-impedance state, and remain 
in that state until triggered to 
the ON or low-impedance state. 
Once triggered, the thyristor re¬ 
mains ON until the supply volt¬ 
age is reduced to zero for a short 
time or reversed for an even 
shorter time. Either operation re¬ 
turns the thyristor to its block¬ 
ing state. Because both of these 
operations are accomplished dur¬ 
ing every half-cycle in an ac sup¬ 
ply, turn-off is guaranteed every 
half-cycle. All that is necessary 
for ac power control, therefore, 
is a trigger circuit to control 
thyristor turn-on so that whole 
or partial cycles may be switched 
to the load. When only complete 
half-cycles or integral numbers 
of half-cycles are desired for a 
given load while control over the 
average power is maintained, the 
control is usually referred to as 
an integral-cycle or zero-switch¬ 
ing control. This type of control 
is illustrated in Fig. 246. 


Thyristor Phase Control 

In most power-control applica¬ 
tions of thyristors, partial qycles 
of the applied ac voltage are 
switched to the load. Because the 
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Figure 246. Integral-cycle thyristor power control circuits. 


power delivered to the load is 
controlled by variation of the 
phase angle at which the thyris¬ 
tor switching initiates current 
flow, this type of operation is 
usually referred to as phase con¬ 
trol. The electrical angle of the 
applied ac voltage waveform at 
which thyristor current is ini¬ 
tiated is termed the firing angle 
(6y). It is usually more im¬ 
portant, however, to know and 
to refer to the conduction angle 
(dc)f which is the number of 
electrical degrees of the applied 
ac voltage waveform during 
which the thyristor is in con¬ 
duction. The conduction angle is 
equal to 180° — 0^ for a half¬ 
wave circuit and 2(180° — 6^) 
for a full-wave circuit. The volt¬ 
age waveforms across the thyris¬ 
tor and the load for each type 
of circuit are illustrated in Fig. 

247. 

Phase control of thyristor-and^ 
diode combinations may be em¬ 
ployed to provide many different 
ac and dc output waveforms to 
a load circuit. Some basic com¬ 
binations, together with the cor¬ 
responding voltage waveforms at 
the load for two complete cycles 
of operation, are shown in Fig. 

248. In general, triac circuits are 
more economical for full-wave 
power control than are circuits 
that use two SCR's. For partial 


range control when the load is 
not sensitive to a nonsymmetri- 
cal waveform, such as resistive 
loads, a control circuit that uses 
a diode and an SCR is acceptable. 


VOLTAGE ACROSS SCR 



VOLTAGE ACROSS SCR LOAD 


VOLTAGE ACROSS TRIAC 



VOLTAGE ACROSS TRIAC LOAD 


Figure 247. Voltage waveforms showing 
conduction angle for half-wave operation 
(SCR) and full-wave operation (triac) of 
thyristor phase-control circuits. 

Current Relationships in 
Phase-Controlled 
Thyristor Circuits 

In the design of thyristor 
power-control circuits of the 
types shown in Fig. 248, it is 
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often necessary to determine the 
specific values of peak, average, 
and rms current that flow 
through the thyristors. For con¬ 
ventional rectifiers, these values 
are readily determined by use 
of the current ratios shown in 
Table I, given in the section on 
Silicon Rectifiers. For thyristors, 
however, the calculations are 
more difficult because the current 
ratios become functions of the 
conduction angle and the firing 
angle of the device. 

The curves in Figs. 249, 250, 
and 251 show several current 
ratios as functions of conduction 
or firing angles for three basic 
SCR circuits. These curves can 
be used in a number of ways to 
calculate desired current values. 
For example, they can be used to 
determine the peak or rms cur¬ 
rent in an SCR when a certain 
average current is to be delivered 
to a load during a specific part of 
the conduction period. It is also 
possible to work backwards and 
determine the necessary period 
of conduction if, for example, a 
specified peak-to-average current 



FIRING ANGLE-DEGREES 


Figure 249. Ratio of SCR current as a 
function of conduction and firing angles 
for single-phase half-wave conduction into 
a resistive load. 


ratio must be maintained in a 
particular application. Another 
use of the curves in Figs. 249, 
250, and 251 is in the calculation 
of the rms current at various 
conduction angles when it is neces¬ 
sary to determine the power de¬ 
livered to a load, or power losses 
in transformers, motors, leads, or 
bus bars. Although the curves are 
presented in terms of device cur¬ 
rent, they are equally useful for 
the calculation of load current 
and voltage ratios. 

The curves provide ratios that 
relate average current lavg, rms 
current lym^y peak current Ip^, and 
reference current 1^. The refer¬ 
ence current is a circuit constant 



FIRING ANGLE-DEGREES 


Figure 250. Ratio of thyristor current as a 
function of conduction and firing angles 
for single-phase full-wave conduction into 
a resistive load. 

and is equal to the peak source 
voltage Vpk divided by the load 
resistance Rl. The term Ip^ re¬ 
fers to the peak current that 
flows through the SCR during its 
period of forward conduction. 
is the maximum possible peak- 
current value during the peak of 
the sine wave. For conduction 
angles greater than 90 degrees, 
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Ipk is equal to I^; for conduc¬ 
tion angles smaller than 90 de¬ 
grees, Ipk is smaller than 



FIRING ANGLE—DEGREES 


Figure 251. Ratio of SCR current as a 
function of conduction and firing angles 
for three-phase half-wave circuit having a 
resistive load. 

The general procedure for the 
use of the curves is as follows: 

(1) Identify the unknown or 
desired parameter. 

(2) Determine the values of the 
parameters fixed by the circuit 
specifications. 

(3) Use the appropriate curve 
to find the unknown quantity as 
a function of two of the fixed 
parameters. 

Example No. 1: In the single¬ 
phase half-wave circuit shown in 
Fig. 252, a 2N685 SCR is used 
to control power from a sinusoidal 
120-volt-rms (170-volt-peak) ac 
source into a 2.8-ohm load. This 
application requires a load cur¬ 
rent that can be varied from 2 
to 25 amperes rms. It is necessary 
to determine the range of con¬ 
duction angles required to obtain 
this range of load current. 

First, the reference current lo 
is calculated as follows: 

lo = = 61 amperes 

Rl 2.8 

The ratio of Ums to I^ for the 
minimum and maximum load- 


TYPE 



x^o{o^<e<$f) 

I=XoSin 9 {9f<B<\S0^) 

IpK'Io <0>e,£90») 

Ipk=Io sin (90'<9f <I80*) 

Figure 252. Single-phase half-wave circuit 
that operates into a resistive load and the 
respective equation for SCR current. 

current values is then calculated 
as follows: 

(Irxns/Io)min = 2/61 = 0.033 

(Irms/Io)max = 25/61 = 0.41 

These current-ratio values are 
then applied to curve 3 of Fig. 
249 to determine the correspond¬ 
ing conduction angles: 

Bc(inin) = 15 degrees 

0c(max) = 106 degrees 

Example No. 2: In the single¬ 
phase full-wave bridge circuit 
(two legs controlled) shown in 
Fig. 253, a constant average load 
current of 7 amperes is to be 
maintained while the load resis¬ 
tance varies from 0.2 to 4 ohms. 
In this case, it is necessary to de¬ 
termine the variation required in 
the conduction angle. The aver¬ 
age current through the SCR is 
one-half the load current, or 3.5 
amperes. The applicable current 
ratios for this circuit are shown 
in Fig. 249 (the individual de- 
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X=0{0°<9<9f) 

I = Xo sin 9 {9f<9<\eon 



rpk=io(o°<5f<9o°) 

XDk = IoSin 9f {90°<9f<\80^) 

Figure 253. Single-phase full-wave bridge 
circuit that operates into a resistive load 
and the respective equations for SCR 
current. 


vice currents are half-wave al¬ 
though the load current is full- 
wave) . 

Again, the first quantity to be 
calculated is the reference current 
I^. Because the reference current 
varies with the load resistance, 
the maximum and minimum values 
are determined as follows: 

lo(max) ~ ^pk/BL(min) ~ 45/0.2 
= 225 amperes 


lo(min) ^pk/BL(max) 45/4 
= 11.2 amperes 

The corresponding ratios of la^g 
to lo are then calculated, as fol¬ 
lows : 


(Iavg/Io)min = 3.5/225 = 0.015 


Bc(,nin) -- 25 degrees 


Bc(max) -- 105 degrees 


Example No. 3: In the three- 
phase half-wave circuit shown in 
Fig. 254, the firing angle is varied 
continuously from 30 to 155 de¬ 
grees. In this case, it is necessary 
to determine the resultant varia¬ 
tion in the attainable load power. 


2NI845A 



DEVICE V0LTAGE=I49 VOLTS PEAK REVERSE 


I = Io sin 9 (30®<a<l80®) 

,0f+I2O 

180 ® 

Iavg = l/27^ IdB (60® <0f <180®) 

^ ll/2 


@,+ 120 ®. 


1^69 


1/2 


^rms~ ^ 

^f 


l/27r/''®^‘’r^de 
_ 

Xpk=Xo (3O®<0f<9O®) 

Ipk=Io sin (9O®<0f<I80®) 


(30®<af<60®) 


(6O®<0f<l8O®) 


Figure 254. Three-phase half-wave circuit 
that uses a resistive load and the respec¬ 
tive equation for SCR current. 


Reference current for this circuit 
is determined as follows; 


(WIo)max= 3.5/11.2 = 0.312 


lo == Vpk/Rx = 85/3 = 28 amperes 


Finally, these ratios are applied 
to curve 2 of Fig. 249 to deter¬ 
mine the desired conduction 
values: 


Rectifier current ratios are de¬ 
termined from Fig. 251 for the 
extremes of the firing range, as 
follows: 
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0F = 30 degrees; Irms/Io = 0.49 

0F = 155 degrees; Irms/Io = 0.06 

These ratios, together with the 
reference current, are then used 
to determine the range of rms cur¬ 
rent in the rectifiers, as follows: 

Irms(max) = 0.49 X 28 = 13.7 auiperes 

Irms(min) = 0.06 X 28 = 1.7 ampcres 

In this circuit, the rms current 
in the load is equal to the rms rec¬ 
tifier current multiplied by the 
square root of three; as a result, 
the desired power range of the 
load is as follows: 

Pmax ~ [Irms(max) VT]' Rl 

= 1700 watts 

Pmin — [Irms(min) \/ 3 Rl 
= 26 watts 


Triggering Circuits 

When thyristors are triggered^ 
the primary requirement to as¬ 
sure sustained forward conduc¬ 
tion is that the gate current is 
of sufficient strength to meet all 
requirements specified in the 
published data on the thyristor. 
These triggering requirements 
are usually stated in terms of 
dc voltage and current. Because 
it is often desirable to pulse-fire 
thyristors, it is also necessary to 
consider the duration of firing 
pulse required. A trigger pulse 
that has an amplitude just 
equivalent to the dc require¬ 
ments must be applied for a 
relatively long period of time 
(approximately 30 microseconds) 
to ensure that the gate signal is 
provided during the full turn-on 


period of the thyristor. As the 
amplitude of the gate-triggering 
signal is increased, the turn-on 
time of the thyristor is decreased, 
and the width of the gate pulse 
may be reduced. When highly in¬ 
ductive loads are used, the induct¬ 
ance controls the current-rise 
portion of the turn-on time. For 
this type of load, the gate pulse 
must be long enough to assure 
that the principal current rises 
to a value greater than the 
latching-current level of the de¬ 
vice. The latching current of 
RCA thyristors is always less 
than twice the holding current. 

The application usually deter¬ 
mines the degree of sophistica¬ 
tion of the circuit used to trigger 
a given thyristor. Triggering cir¬ 
cuits can be as numerous and as 
varied as the applications in 
which they are used; this text 
discusses the basic types only. 

Many applications require that 
a thyristor be switched full ON 
or full OFF in a manner similar 
to the operation of a relay. The 
simplest method of accomplish¬ 
ing this type of triggering is il¬ 
lustrated by the circuits shown 
in Fig. 255. 

The resistance maintains 
the gate current within the 
rating of the thyristor gate and 
the associated switch. After fir¬ 
ing. the thyristor switches to its 
low-impedance state; depending 
on the forward-current magni¬ 
tude, the voltage drop across the 
thyristor can be as high as a few 
volts. It cannot be assumed that 
if the resistor were removed 
from the gate circuit, the gate 
switch would carry only enough 
current to trigger the device and 
then decrease to zero. Because the 
gate has a low impedance, it car¬ 
ries a large percentage of the 
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(a) 


(b) 


(c) 


Figure 255. Simple thyristor triggering methods: (a) resistance triggering of SCR; (b) 
resistance-diode triggering of SCR; (c) resistance triggering of triac. 


forward current. The gate re¬ 
sistor Rq assures that the gate 
current will decrease to a negli¬ 
gible value after the thyristor is 
fired. 

When an SCR is used with an 
ac supply, a diode may be re¬ 
quired to keep the reverse polar¬ 
ity across the SCR from being 
impressed across the gate circuit. 
The allowable reverse dissipa¬ 
tion is limited to that shown in 
the published data on the SCR. 
Fig. 255(b) illustrates the use 
of the SCR-and-diode combina¬ 
tion. 

When an ac resistive trigger 
network is used, only a certain 
degree of phase-angle control 
can be accomplished. The degree 
of control varies from 90- to 180- 
degree conduction when an SCR 
is used and from 180- to 360- 
degree conduction when a triac 
is used. This degree of control 
is illustrated in Fig. 256. With 
maximum resistance in either 
circuit, the thyristor is OFF. As 
the resistance is reduced, a point 
is reached at which sufficient 
gate trigger current is provided 
at the peak of the voltage wave 
to trigger the thyristor. The thy¬ 
ristor initially turns on with a 
conduction angle Oq of 90 de¬ 
grees. A further reduction in 
resistance increases the conduc¬ 
tion angle from 90 degrees 


toward 180 degrees for an SCR 
and from 90 degrees and 270 
degrees to zero and 180 degrees, 
respectively, for a triac. 



Figure 256. Degree of control over conduc¬ 
tion angles when ac resistive network is 
used to trigger SCR’s and triacs. 


The easiest method to obtain 
a firing-angle delay greater than 
90 degrees for half-wave opera¬ 
tion is to use a resistance-capaci¬ 
tance triggering network, which 
is shown in its simplest form in 
Fig. 257(a). The polarity of the 
sine wave which reverse-biases 
the SCR charges the capacitor in 
the reverse direction to the peak 
of the line voltage through a 
diode. On the next half-cycle, the 
capacitor charges through the 
potentiometer to the relatively 
small positive voltage required 
to trigger the SCR. Controls of 
this type can have conduction 
angles from 0 to 180 degrees. 
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Figure 257. RC triggering networks used for phase-control triggering of thyristors: (a) 
series RC network and diode (for SCR); (b) RC lattice network and diode (for SCR); 
(c) RC lattice network without diode (for triac). 


Resistance and resistance-ca¬ 
pacitance trigger circuits have 
one great disadvantage: the gate 
voltage rises slov^ly to the trig¬ 
gering level. Because of variations 
in gate characteristics among 
thyristors (15 to 1 in gate-trigger 
current, 2 to 1 in gate-trigger 
voltage, and 4 to 1 with tempera¬ 
ture), a given control-poten¬ 
tiometer resistance setting may 
yield a different conduction angle 
for different thyristors or tem¬ 
perature conditions. The perform¬ 
ance of the circuit is improved 
somewhat by use of a double RC 
section, as shown in Figs. 257(b) 
and 257(c), or by use of a nega¬ 
tive voltage across the capacitor, 
as shown in Fig. 257(a). These 
techniques increase the rate of 
rise of gate voltage in the vicinity 
of the triggering potential and, 
therefore, minimize the effects of 
gate differences on the conduc¬ 
tion angle. 


Triggering Devices 

A variety of thyristor trigger¬ 
ing devices are available to over¬ 
come the disadvantages noted for 
simple resistance or resistance- 
capacitance triggering circuits. 
These triggering devices have a 
smaller range of characteristics 
and are not so temperature-sensi¬ 
tive. Basically, a thyristor trig¬ 
gering device exhibits a negative 
resistance after a critical voltage 
is reached, so that the gate-cur¬ 
rent requirement of the thyristor 
can be obtained as a pulse from 
the discharge of the phase-shift 
capacitor. Because the gate pulse 
need be only microseconds in dura¬ 
tion, the gate-pulse energy and 
the size of the triggering com¬ 
ponents are relatively small. Trig¬ 
gering circuits of this type employ 
elements such as neon bulbs, trig¬ 
ger diodes, unijunction transis¬ 
tors, and two-transistor switches. 
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Basic Operation—The most 
elementary form of triggering- 
device circuit is shown in Fig. 
258. The voltage-current charac¬ 
teristic for this circuit is shown 
in Fig. 259. 

When the variable-resistor Ri 
is adjusted for maximum resist¬ 
ance in the circuit, the circuit op¬ 
erates so that the series combina¬ 
tion of and Cj produces a 
voltage V(., which is reduced in 
magnitude and shifted in phase 
with respect to the line voltage 
Vi- When the peak value of the 
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Figure 258. Thyristor power control in 
which switching is controlled by basic 
triggering-device circuit. 


voltage Vc is less than the trig¬ 
gering-device breakdown voltage 
Yp, the trigger device does not 
conduct; the thyristor receives no 
gate current and remains in the 


As the value of R^ is decreased, 
the voltage Vc increases in mag¬ 
nitude and changes in phase with 
respect to the line voltage Vi. 
This change continues as long as 
the value of R^ is decreased, and 
eventually a point is reached at 
which Vq exceeds Vp. At this 
point, the trigger device instan¬ 
taneously breaks down. This 
breakdown is accompanied by a 
sudden discharge of capacitor Ci, 
which results in a pulse of gate 



^TRIAC 
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Figure 259. Voltage-current characteristic 
for triggering-device shown in Fig. 258. 

blocking state. The blocking ac¬ 
tion of the thyristor prevents the 
line voltage from appearing across 
the load. This condition is shown 
in Fig. 260(a). 
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Figure 260. Voltage waveforms for circuit 
shown in Fig. 258: (a) thyristor in blocking 
state; (b) when thyristor is triggered at 
controlled intervals by triggering-device 
circuit. 
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current into the thyristor. The 
thyristor is then triggered into 
conduction and remains in the 
ON state for the rest of that par¬ 
ticular half-cycle of line voltage. 

The magnitude and duration of 
the gate-current pulse is deter¬ 
mined by the interaction of the 
capacitor Ci, the triggering-device 
characteristics, and the impedance 
of the thyristor gate. This inter¬ 
action can be represented by the 
curves shown in Fig. 261. 

The capacitor, which is charged 
to the voltage Vc, discharges 
through the negative-resistance 
slope of the trigger device, and 
the gate current rises to some 
magnitude A at which the total 
voltage drops in the circuit are 
equal to the voltage source Vc. 



I GATE VOLTAGE 

Figure 261. Load line for the circuit shown 
in Fig. 258. 

The capacitor voltage immediately 
begins to decrease from its initial 
value Vc, at a rate determined 
by the current level reached and 
the size of the capacitor. As it 
does, the gate current decreases. 
The load line representation at 
some later instant is shown by 
the dashed line in Fig. 261, and 
gate current at that instant is 
defined by point B. As this process 
continues, the circuit enters the 
unstable negative-slope region of 
the triggering device character¬ 
istic and quickly reverts to a 
stable point, approximately indi¬ 
cated by C. Fig. 262 shows the 
typical shape of the gate-current 


pulse that is produced. (More spe¬ 
cific magnitudes are shown in 
later diagrams for particular 



Figure 262. Typical gate-current waveform 
for circuit shown in Fig. 258. 


triggering devices.) The delay in 
reaching the peak gate current is 
a function of the speed at which 
the triggering device is switched 
from its high-impedance to its 
low-impedance state. This delay 
in effect indicates that there is a 
dynamic or time-dependent char¬ 
acteristic of the trigger device, 
which traces out a shape some¬ 
what different from the static 
characteristic shown in Fig. 261. 

The magnitude and duration of 
the gate pulse produced by the 
triggering device and the capaci¬ 
tor must be adequate to fire the 
thyristor. A curve of turn-on 
time as a function of gate-pulse 
magnitude, provided in the pub¬ 
lished data on the thyristor, de¬ 
fines the minimum requirements. 

Because the thyristor is trig¬ 
gered to the ON state by the gate 
pulse, and the voltage source for 
the triggering circuit is taken 
from across the thyristor, the 
triggering circuit cannot go 
through another charge-discharge 
cycle after the first firing pulse. 
The capacitor discharges from 
point C through the potentiometer 
and the thyristor for the remain¬ 
der of the ac line-voltage cycle, 
and the triggering process repeats 
on the next ac line-voltage half¬ 
cycle. 
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The maximum voltage applied 
to the load is limited by the 
breakover voltage of the trigger 
diode because the line voltage 
must rise to that value before the 
thyristor gate can be energized. 
This condition is illustrated by 
the voltage waveforms shown in 
Fig. 260(b). 

Several types of devices com¬ 
monly used to trigger RCA thy¬ 
ristors are discussed in the fol¬ 
lowing paragraphs: 

Neon Bulbs—Neon bulbs can 
be used as triggering devices for 
RCA thyristors. The recommended 
types are the GE-5AH and Sig- 
nalite A057 or equivalents. The 
breakover voltages for these de¬ 
vices range from 50 volts to 100 
volts, with typical values of 80 
volts. Tighter breakover voltage 
spreads can be obtained by manu¬ 
facturer’s selections. A typical 
current pulse resulting from a 0.1- 
microfarad capacitor discharging 
through a neon bulb and a thyris¬ 
tor gate is illustrated in Fig. 263. 



TIME “;jS 


Figure 263. Typical current pulse that re¬ 
sults from the discharge of a 0.1-microfarad 
capacitor through a neon bulb and a thy¬ 
ristor gate. 


Fig. 264 illustrates the use of 
a neon bulb as a triggering de¬ 
vice. The bilateral characteristic 
of the neon bulb allows it to trig¬ 
ger both SCR’s and triacs. 

Use of a neon bulb as a trigger 
device does have disadvantages. 
For example, when this type of 
device is used as a trigger on a 


120-volt-rms ac line, an rms volt¬ 
age loss as great as 10 per cent 
can occur at the load. The losses 
are caused by the relatively high 
breakdown voltage of the neon 
bulb. The neon bulb is also sensi¬ 
tive to radiation in that the break¬ 
down point changes. When precise 
control is required, it may be 
necessary to shield the bulb or 
to obtain bulbs specially treated 
to minimize the effects of radia¬ 
tion. A major advantage of neon 
triggers is that reliable and rela¬ 
tively long-lived triggers can be 
obtained for a low price. 


LOAD 




Figure 264. Circuits showing application of 
neon bulb as thyristor triggering device: 
(a) SCR power control circuit; (b) triac 
power control circuit. 


Trigger Diodes—A trigger 
diode is the solid-state replace¬ 
ment for a neon bulb in phase- 
control triggering circuits. These 
diodes offer the advantages of 
reduced requirements for peak- 
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voltage firing, higher pulse-cur- 
rent capability, and longer life. 
The solid-state diodes have 
breakdown voltages in the range 
of 27 to 37 volts and are designed 
specifically for triggering bi¬ 
directional thyristors (triacs). 

The trigger diodes, often re¬ 
ferred to as silicon bidirectional 
diacs, are three-layer symmetri¬ 
cal avalanche devices which 
break over in the negative- 
resistance region whenever a 
particular voltage, termed the 
breakover voltage, is exceeded in 
either voltage polarity. In these 
devices, a maximum limit of 3 
volts is usually imposed on the 
symmetry between positive and 
negative breakover voltages 
(voltage symmetry). A typical 
voltage-current characteristic of 
a bidirectional trigger diac is 
shown in Fig. 265. 



Figure 265. Typical voltage-current char¬ 
acteristic of a bidirectional trigger diac. 

The slight current offset in 
the characteristic before the 
voltage breakover point is leak¬ 
age current Ibo> which is usually 
in the order of 50 microamperes. 

The magnitude and duration of 
the gate current pulse are de¬ 
termined by the value of the 
phase-shift capacitance, the 
change in voltage across and the 
dynamic impedance of the trig¬ 
ger diac, and the thyristor gate 


impedance. The interaction of 
all circuit impedances and the 
phase-shift capacitance can best 
be represented by the curve of 
peak current as a function of 
the capacitance shown in Fig. 
266. 




Figure 266. Peak pulse trigger currents as 
a function of the phase-shift capacitance. 

Unijunction Transistor—The 
unijunction transistor is a three- 
terminal two-layer device formed 
by an emitter and a base, as illus¬ 
trated in Fig. 267. One lead is 
connected to the emitter and the 
other two leads are connected to 
the base. Between the two base 


Figure 267. Schematic symbol for a 
unijunction transistor. 
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connections there is an ''interbase 
resistance.” Fig. 268 illustrates 
the use of this device in a pulse¬ 
triggering circuit. 



Figure 268. Pulse-triggering circuit that 
uses a unijunction transistor. 


Proper choice of external bias¬ 
ing resistors, coupled with the 
interbase resistance, normally 
serves to reverse-bias the ‘‘emit- 
ter-to-base-1” diode. This condi¬ 
tion holds the emitter-to-base-1 
diode in a high-impedance state 
until the emitter voltage is raised 
to a value high enough to forward- 
bias this junction. As the forward- 
bias point is reached, the same 
junction switches to a low-imped¬ 
ance state and causes capacitor 
C, to discharge into the load re¬ 
sistance Rj^, which may be a thy¬ 
ristor gate. This voltage-sensitive 
switching characteristic makes 
unijunction transistors ideal for 
triggering thyristors. When the 
biasing resistors and the emitter 
are connected to the same voltage 
source, as shown in Fig. 268, 
there is a degree of self-regula¬ 
tion of supply-voltage variation. 

This regulation results because 
the interbase forward-bias point 
tracks the variation in emitter 
voltage as varies with sup¬ 
ply voltage. Another advantage of 
the use of the unijunction tran¬ 
sistor is the way in which it auto¬ 
matically synchronizes to an ac 


supply. At the end of every cycle, 
any charge left on the capacitor 
after firing is discharged when 
the supply goes to zero. This ac¬ 
tion occurs because the point or 
firing voltage is also reduced 
toward zero. A third advantage is 
the inherent ability of the device 
to switch relatively high currents 
and thus to assure positive trig¬ 
gering of high-gate-current thy¬ 
ristors. 

The disadvantage of the uni¬ 
junction device is that it is uni¬ 
lateral with regard to current 
flow and requires a dc voltage. 
These requirements indicate that 
diodes must be used to ensure 
that no reverse voltage appears 
across the device when it is used 
in an ac circuit. The output pulses 
are positive-going and can be used 
to trigger SCR’s directly. For 
triacs or inverse parallel SCR's, 
transformer or capacitive coupling 
is required, as shown in Fig. 269. 

Two-Transistor Trigger Cir¬ 
cuit—A two-transistor trigger 
circuit that has characteristics 
similar to those of a trigger diode 
is shown in Fig. 270. The regen¬ 
erative action of this type of cir¬ 
cuit when either transistor begins 
to conduct causes switching com¬ 
parable to avalanching in a trig¬ 
ger diode. Proper biasing of this 
circuit yields triggering voltages 
of 15 volts or less. The circuit 
shown in Fig. 271 can deliver 
trigger currents as high as 1 am¬ 
pere and is more than capable of 
triggering all RCA thyristors. 

Fig. 272 shows an SCR circuit 
that uses the two-transistor re- 
generative-trigger network. The 
phase-shift characteristics are 
still retained to provide conduc¬ 
tion angles less than 90 degrees 
through the RC network of Rj, 
Ro, and C^. Resistor R.^ provides 
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(a) (I?) 

Figure 269. Circuit showing application of unijunction-transistor circuit for pulse trig¬ 
gering of triacs and inverse parallel SCR's: (a) triggering pulse is capacitively coupled 
to gate of triac; (b) triggering pulse is transformer-coupled to gate of SCR. 


turn-on current to the base of 
Qi when the voltage across Ci 
becomes large enough during the 
positive half-cycle. The base cur¬ 
rent in Qi turns on this transis¬ 
tor. Transistor then supplies 
base current to Q 2 . When Q 2 
turns on, it supplies more base 
current to Qi. This regenerative 
action leads to the rapid satura¬ 
tion of transistors Qi and Q 2 . Ca¬ 
pacitor Cl discharges through the 
saturated transistors into the gate 
of the SCR. When the SCR fires, 
the remaining portion of the posi¬ 


TYPE 

2N324I 



5.6K 470 


Figure 270. Two-transistor switch. Charac¬ 
teristics of this circuit are similar to those 
of a trigger diode. 


tive half-cycle of ac power is ap¬ 
plied to the motor. Speed control 
is accomplished by adjustment of 



Figure 271. Circuit showing application of 
two-transistor switch as thyristor triggering 
device. 


potentiometer Rj. For the compo¬ 
nent values shown on the sche¬ 
matic diagram in Fig. 272, the 
threshold voltage for firing the 
circuit is approximately 8 volts, 
and the maximum conduction 
angle is approximately 170 de¬ 
grees. Table XVII shows values 
for operation of the circuit with 
various RCA SCR's. 
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An advantage of the two-tran- 
sistor trigger circuit is its low 
threshold triggering voltage. For 
all practical purposes, a full 180- 
degree conduction angle can be 
obtained when an SCR is used. 


When two SCR's are to be trig¬ 
gered, a transformer must be 
used to couple a gate signal of 
the proper polarity to the SCR 
with the proper anode-to-cathode 
polarity. A triac, however, can be 



Figure 272. Half-wave SCR motor control circuit, without regulation. 


Table XVII—Components For Circuit Shown in Fig. 272 

AC AC 


SUPPLY 

CURRENT 

Fa 

CRx 

Ra 

SCRi 

120V 

lA 

3AG, 1.5A, Quick Act 

RCA-1N3755 

75K, V 2 W 

RCA-2N3528 

120V 

3A 

3AB, 3A 

RCA-1N3755 

75K, V 2 W 

RCA-2N3228 

120V 

7A 

3AB, 7A 

RCA-1N3755 

75K, V 2 W 

RCA-2N3669 

120V 

25A 

3AB, 25A 

RCA-1N3755 

75K, V 2 W 

RCA-2N3897 

240V 

lA 

3AG, 1.5A, Quick Act 

RCA-1N3756 

150K, V 2 W 

RCA-2N3529 

240V 

3A 

3AB, 3A 

RCA-1N3756 

150K, V 2 W 

RCA-2N3525 

240V 

7A 

3AB, 7A 

RCA-1N3756 

150K, 

RCA-2N3670 

240V 

25A 

3AB, 25A 

RCA-1N3756 

150K, 1 / 2 W 

RCA-2N3898 
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triggered in either direction with 
positive-polarity gate signals. The 
only requirement is that isolation 
be maintained between the dc and 
ac current. Application of the use 
of the two-transistor switch to 
trigger thyristor control circuits 


is discussed further in the section 
on Heater Controls. 

Application Guide for Trigger¬ 
ing Devices—Table XVIII pro¬ 
vides a quick reference to the 
prevalent types of applications for 
various triggering devices. 


Table XVIII—Firing-Circuit Families. 


Function 


Typical 

Applications 


LOW COST 

Manual or Simple On- 
Off Power Control 


Light Dimmers 
Tool Speed Controls 
Appliance Speed 
Controls 
Gas Ignition 
Photoelectric Controls 
Static On-Off Switches 


MEDIUM COST 

Automatically Con¬ 
trolled or Regulated 
power 


Regulated Power 
Supplies 

Temperature Controls 
Commercial DC Motor 
Drives 
Flashers 
Time Delays 


HIGH COST 

Power-Output Stage in 
Large Electronic or 
Electro-Mechanical 
System 

Bulk Power Conversion for 
Metal Refining and Elec¬ 
trochemical Processes 
Large Industrial Motor 
Drives 

Variable-Frequency Drives 
Pulse Modulators 
Precise Process- 
Temperature Controls 
Logic-Arrays Power Output 
eg—Vending Machines 
—Signs and 
Scoreboards 
—Computer Printer 
Driver 


Common 
Characteristics 
of the 
Application 


Frequently 
Bidirectional 
Small physical size an 
asset 

Low performance 
demands 


Frugal but not poor 
Both dc and ac loads 
Thyristor fired is 
higher cost 
Technically oriented 
customers and 
applications 

Electrical feedback or 
sensor input in addi¬ 
tion to manual con¬ 
trol 

Long firing pulses often 
required 


Firing circuit small per¬ 
centage of system cost 
Rigid and extensive per¬ 
formance requirements 
Firing circuit often merged 
into other system circuits 
Custom engineered 
Primarily electrical inputs 
from regulators or 
sensors 

Often built up from 
standard logic and 
waveshaping circuits 


Trigger Devices 
in Approximate 
Order of 
Preference 
or Use 


1. Neon bulb 

2. Three-layer diode 

3. Five-layer diode 

4. Four-layer diode 

5. Unijunction 

transistor 

6. Two-transistor re¬ 

generative circuit 
NOTE; For on-off con¬ 
trol, a switch contact 
or single transistor 
may form the firing 
circuit 


1. Unijunction 

transistor 

2. Transistors 

3. Magnetic amplifier 

NOTE: Firing circuit 

often includes sev¬ 
eral diodes, a zener, 
pulse transformers, 
control power trans¬ 
formers, and numer¬ 
ous passive compo¬ 
nents 


1. Transistors 
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MOTOR CONTROLS 

Silicon controlled rectifiers have 
been widely accepted in power- 
control applications in industrial 
systems where high-performance 
requirements justify the econom¬ 
ics of the application. The con¬ 
trols can be designed to provide 
good performance, maximum ef¬ 
ficiency, and high reliability in 
compact packaging arrange¬ 
ments. 


Speed Controls for 
Universal Motors 


Many fractional-horsepower mo¬ 
tors are series-wound ''universal'’ 
motors, so named because of their 
ability to operate directly from 
either ac or dc power sources. 
Fig. 273 is a schematic of this 
type of motor operated from an 
ac supply. In reality, the universal 
motor is a special form of series 


-MOTOR TERMINALS- 


FIELD 

WINDING 


o 


ARMATURE 


^SUPPLY 


EXTERNAL 

CONTROL 

CIRCUIT 


Figure 273. Schematic diagram for a 
series-wound universal motor. 


motor that has a laminated arma¬ 
ture and field structure. Because 
most domestic applications today 
require 60-Hz power, universal 
motors are usually designed to 
have optimum performance char¬ 
acteristics at this frequency. Most 
universal motors run faster at a 
given dc voltage than at the same 
60-Hz ac voltage for which they 
are designed. 


The field winding of a universal 
motor is in series with the arma¬ 
ture and external circuit, as 
shown in Fig. 273. The cur¬ 
rent through the field winding 
produces a magnetic field which 
cuts across the armature conduc¬ 
tors. The action of this field on 
the conductor of armature current 
subjects the individual conductors 
to a lateral thrust which results 
in armature rotation. 

The torque developed by a uni¬ 
versal motor is a direct result of 
the magnitude of magnetjc-field 
flux and armature current. The 
starting torque of a universal 
motor is high because the arma¬ 
ture current at starting time is 
high. Similarly, at "stall" condi¬ 
tions, the armature current is 
high and results in a large 
torque. The stall torque of a 
series motor can be as high as 10 
times the continuous rated torque. 

High starting torque, adjust¬ 
able speed characteristics, and 
small size are distinct advan¬ 
tages of a universal motor over 
a comparably rated single-phase 
induction motor. The speed can 
be adjusted by variation of the 
impressed voltage across the 
motor. Typical performance char¬ 
acteristic curves for a universal 
motor are shown in Fig. 274. 



Figure 274. Typical performance curves 
for a universal motor. 
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One of the simplest and most 
efficient means of varying the im¬ 
pressed voltage and thus the 
speed of a universal motor is by 
control of the conduction angle 
of a thyristor (SCR or triac) 
placed in series with the load. 
Typical curves of the variation 
of motor speed with thyristor 
conduction angle for both half¬ 
wave and full-wave impressed 
motor voltages are shown in Fig. 
275. 


sation of the system to prevent 
changes in motor speed. The 
half-wave proportional controls 
shown in Figs. 264(a) and 272 
(described previously) are ex¬ 
amples of nonregulating circuits 
that may be used for motor speed 
control. 

Fig. 276 shows a fundamental 
circuit of a direct-coupled SCR 
control with voltage feedback that 
is highly effective for speed con¬ 
trol of universal motors. This 



Figure 275. Typical performance curves 
for a universal motor with phase-angle 
control. 


Half-Wave Control—There are 
many circuits available for half¬ 
wave control of universal mo¬ 
tors; their attributes and limita¬ 
tions are described in detail below. 
Such circuits may be selected 
in preference to full-wave cir¬ 
cuits for economy reasons. Motor 
operation with half-wave con¬ 
trol circuits, however, in general 
is not as good as that obtained 
with full-wave control circuits. 
Half-wave)power-control circuits 
are divided into two classes: 
regulating and non-regulating. 
Regulation in this instance im¬ 
plies load sensing and compen- 



Figure 276. Half-wave SCR motor control 
circuit, with regulation. 

circuit makes use of the counter 
emf induced in the rotating arma¬ 
ture because of the residual mag¬ 
netism in the motor on the half¬ 
cycle when the SCR is blocking. 
This counter emf is a function 
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of speed and, therefore, can be 
used as an indication of speed 
changes for mechanical-load varia¬ 
tions. The gate-firing circuit is a 
resistance network consisting of 
Rj and R 2 . During the positive 
half-cycle of the source voltage, a 
fraction of the voltage is devel¬ 
oped at the center-tap of the po¬ 
tentiometer and compared with 
the counter emf developed in the 
rotating armature of the motor. 
When the bias developed at the 
gate of the SCR from the potenti¬ 
ometer exceeds the counter emf 
of the motor, the SCR fires. AC 
power is then applied to the motor 
for the remaining portion of the 
positive half-cycle. Speed control 
is accomplished by adjustment of 
potentiometer Ri. If the SCR is 
fired early in the cycle, the motor 
operates at high speed because 
essentially the full-rated line volt¬ 
age is applied to the motor. If the 
SCR is fired later in the cycle, the 
average value of voltage applied 
to the motor is reduced, and a 
corresponding reduction in motor 
speed occurs. On the negative half¬ 
cycle, the SCR blocks voltage to 
the motor. The voltage applied to 
the gate of the SCR is a sine wave 
because it is derived from the 
sine-wave line voltage. The mini¬ 
mum conduction angle occurs at 
the peak of the sine wave and is 
restricted to 90 degrees. Increas¬ 


ing conduction angles occur when 
the gate bias to the SCR is in¬ 
creased to allow firing at voltage 
values for which the phase delay 
with respect to the line voltage is 
less. 

At no load and at the low-speed 
control setting, "'skip-cycling'' op¬ 
eration may occur, and motor 
speed may be erratic. Because no 
counter emf is induced in the 
armature when the motor is 
standing still, the SCR fires at 
low bias settings. The motor is 
then accelerated to a point at 
which counter emf induced in 
the rotating armature exceeds 
the gate-firing bias of the SCR 
and prevents the SCR from fir¬ 
ing. The SCR is not able to fire 
again until the speed of the motor 
is reduced (because of friction and 
winding losses) to a value for 
which the induced voltage in the 
rotating armature is less than the 
gate bias. At this time the SCR 
fires again. Because the motor de¬ 
celeration occurs over a number 
of cycles, there is no voltage ap¬ 
plied to the motor (hence the 
term "skip cycling"). 

When a load is applied to the 
motor, the motor speed decreases 
and thus reduces the counter emf 
induced in the rotating armature. 
With a reduced counter emf, the 
SCR fires earlier in the cycle and 
provides increased motor torque 


Table XIX—Components For Circuit Shown in Fig. 276 

AC AC 


SUPPLY 

CURRENT 

h 

CRi, CR2 

Rx 

R 2 

SCRx 

120V 

lA 

3AG, 1.5A, Quick Act 

RCA-1N3755 

2.7K, 4W 

IK, 2W 

RCA-2N3528 

120V 

3A 

3AB, 3A 

RCA-1N3755 

5.6K, 2W 

IK, 2W 

RCA-2N3228 

120V 

7A 

3AB, 7A 

RCA-1N3755 

5.6K, 2W 

500, 2W 

RCA-2N3669 

120V 

25A 

3AB, 25A 

RCA-1N3755 

2.7K, 4W 

500, 2W 

RCA-2N3897 

240V 

lA 

3AG, 1.5A, Quick Act 

RCA-1N3756 

lOK, 5W 

IK, 2W 

RCA-2N3529 

240V 

3A 

3AB, 3A 

RCA-1N3756 

lOK, 5W 

IK, 2W 

RCA-2N3525 

240V 

7A 

3AB, 7A 

RCA-1N3756 

5.6K, 7.5W 

500,2W 

RCA-2N3670 

240V 

25A 

3AB, 25A 

RCA-1N3756 

5.6K, 7.5W 

500, 2W 

RCA-2N3898 
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to the load. Fig*. 276 also shows tially a characteristic of the motor, 

variations of conduction angle different potentiometer settings 

with changes in counter emf. The are required for comparable oper- 

counter emf appears as a constant ating conditions for different mo- 

voltage at the motor terminals tors. Circuit values for use with 

when the SCR is blocking. Be- the various RCA SCR's are shown 

cause the counter emf is essen- in Table XIX. 



MOTOR MOTOR 



GATE CURRENT GATE CURRENT 

LIGHT LOAD HEAVY LOAD 


Figure 277. Half-wave SCR motor control circuit using two-transistor regenerative 
triggering, with regulation. 


Table XX—Components For Circuit Shown in Fig. 277 

AC AC 


SUPPLY 

CURRENT 

Fa 

CRx 

Rx 

SCRx 

120V 

lA 

3AG, 1.5A, Quick Act 

RCA-1N3755 

75K, 1 / 2 W 

RCA-2N3528 

120V 

3A 

3AB, 3A 

RCA-1N3755 

75K, V 2 W 

RCA-2N3228 

120V 

7A 

3AB, 7A 

RCA-1N3755 

75K, V 2 W 

RCA-2N3669 

120V 

25A 

3AB, 25A 

RCA-1N3755 

75K, 1 / 2 W 

RCA-2N3897 

240V 

lA 

3AG, 1.5A, Quick Act 

RCA-1N3756 

150K, 1 / 2 W 

RCA-2N3529 

240V 

3A 

3AB, 3A 

RCA-1N3756 

150K, V 2 W 

RCA-2N3525 

240V 

7A 

3AB, 7A 

RCA-1N3756 

150K, V 2 W 

RCA-2N3670 

240V 

25A 

3AB, 7A 

RCA-1N3756 

150K, 1 / 2 W 

RCA-2N3998 
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Fig. 277 shows a variation of 
the circuit in Fig. 272. The basic 
difference between the two circuits 
is that the circuit in Fig. 277 pro¬ 
vides feedback for changing load 
conditions to minimize changes in 
motor speed. The feedback is pro¬ 
vided by R 7 , which is in series 
with the motor. A voltage propor¬ 
tional to the peak current through 
the motor is developed across the 
resistor. This voltage is stored on 
capacitor through diode CRo, 
and is of a polarity that causes 
the bias on the resistance network 
of R;. and R 4 to change in accor¬ 
dance with the load on the motor. 
With an increasing motor load, the 
speed tends to decrease. This de¬ 
crease in motor speed causes more 
current to flow through the motor 
armature and field. When the cur¬ 
rent flowing through R 7 increases, 
the voltage stored on capacitor Co 
increases in the positive direction. 
This increase in capacitor voltage 
causes the transistors to conduct 
earlier in the cycle to fire the SCR, 
and to provide a greater portion 
of the power cycle to the motor. 
With a decreasing load, the motor 
current decreases and the voltage 
stored across capacitor Co de¬ 
creases. The transistors and SCR 
then conduct later in the cycle, 
and the resultant reduction in the 
average power supplied to the mo¬ 
tor causes a reduced torque to the 
smaller load. Because motor cur¬ 
rent is a function of the motor it¬ 
self, resistor R 7 has to be matched 
with the motor rating to provide 
optimum feedback for load com¬ 
pensation. Resistor R 7 may range 
from 0.1 ohm for larger-size uni¬ 
versal motors to 1.0 ohm for 
smaller types. Circuit values for 
use with the various RCA SCR’s 
are shown in Table XX. 


Full-Wave Control —This sec¬ 
tion discusses the application of 
thyristors (SCR's and triacs) to 
provide full-wave motor control. 
Fig. 278 shows three thyristor 
full-wave controls. 





Figure 278. Full-wave thyristor motor con¬ 
trol circuits: (a) Use of full-wave bridge 
rectifier to enable full-wave motor control 
by a single SCR; (b) Use of inverse parallel 
SCR’s to provide full-wave motor control; 
(c) Use of triac to provide full-wave motor 
control. 

The speed of induction motors 
can also be controlled by use of 
full-wave thyristor power con- 
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trol circuits. For fan motors, 
which have a particularly steep 
speed-torque curve, simple phase- 
control circuits can be used to 
provide suitably stable operat¬ 
ing speeds. Other induction mo¬ 
tors may require more complex 
feedback circuits to provide and 
maintain a variable speed. Cool¬ 
ing provisions and bearings must 
be suitable for reduced-speed 
operation. 

Figs. 258, 264, 266, and 278(c) 
show full-wave thyristor circuits 
suitable for use as motor-speed 
controls. 



Figure 279. Full-wave SCR motor control 
circuit, without regulation. 


A very simple SCR full-wave 
proportional control is shown in 
Fig. 279. Again, ac phase shifting 
and neon triggering are used to 
provide gate phase-angle control 
with a small pulse transformer 
utilized for isolation. The load 
capabilities of the circuit for 
various SCR’s are shown in Table 
XXL Conduction angles obtained 
with this circuit vary from 30 
to 150 degrees; at the maximum 
conduction angle, the voltage im¬ 
pressed upon the load (universal 
motor) is approximately 95 per 
cent of the input rms voltage. 

Fig. 280 shows a full-wave con¬ 
trol circuit that has increased con¬ 
duction angle capability. Table 
XXII shows the component chart 
for use of the circuit with various 
SCR's. In this circuit, the conduc¬ 
tion angles may be varied from 5 
to 170 degrees; this larger range 
is more desirable when higher 
power is to be controlled. 

An SCR full-wave circuit de¬ 
signed for applications requiring 
feedback for compensation of load 
changes is shown in Fig. 281. Op¬ 
eration is similar to that of the 
circuits discussed previously ex¬ 
cept that this circuit has full-wave 
conduction with proportional con¬ 
trol. Table XXIII gives a com¬ 
ponent list for use of this circuit 
with various SCR's. 


AC 

Table XXI—Components For Circuit Shown in Fig. 

AC 

279 

SUPPLY 

CURRENT 

h 

Ri 

R2 

Cl 

SCRi, SCR2 

120V 

1.5A 

SAG, 2A, Quick Act 

IK, 1 / 2 W 

50K, 1 / 2 W 

0.22 /^F, lOOV 

RCA-2NS528 

120V 

5A 

SAB, 5A 

IK, 1 / 2 W 

50K. 1 / 2 W 

0.22 lOOV 

RCA-2NS228 

120V 

lOA 

SAB, lOA 

IK, y2W 

25K, 2W 

0.47 /tF, lOOV 

RCA-2NS669 

120V 

25A 

SAB, 25A 

IK, IW 

25K, 2W 

0.47/.F, lOOV 

RCA-2NS897 

240V 

1.5A 

SAG, 2A, Quick Act 

IK, IW 

50K, 2W 

0.22 a^F, lOOV 

RCA-2NS529 

240V 

5A 

SAB, 5A 

IK, IW 

50K, 2W 

0.22 mF, lOOV 

RAC-2NS525 

240V 

lOA 

SAB, lOA 

IK, IW 

25K, 4W 

0.47 mF, lOOV 

RCA-2NS670 

240V 

25A 

SAB. 25A 

IK. IW 

25K. 4W 

0.47mF, lOOV 

RCA-2NS998 
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Figure 280. Full-wave SCR motor control circuit, without regulation, in which the 
conduction angle can be varied from 5 to 170 degrees. 


Table XXII—Components For Circuit Shown in Fig. 280 


AC 

SUPPLY 

AC 

CURRENT 

Fi 

R2 

SCRi, SCR2 

120V 

1.5A 

3AG, 2A, Quick Act 

75K, 1 / 2 W 

RCA-2N3528 

120V 

5A 

SAB, 5A 

75K, 1 / 2 W 

RCA-2N3228 

120V 

lOA 

SAB, lOA 

75K, 1 / 2 W 

RCA-2N3669 

120V 

25A 

SAB, 25A 

75K, 1 / 2 W 

RCA-2N3897 

240V 

1.5A 

SAG, 2A, Quick Act 

150K, 1 / 2 W 

RCA-2N3529 

240V 

5A 

SAB, 5A 

150K, 1 / 2 W 

RCA-2N3525 

240V 

lOA 

SAB, lOA 

150K, 1 / 2 W 

RCA-2N3670 

240V 

25A 

SAB, 25A 

150K, 1 / 2 W 

RCA-2N3898 
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SUPPLY 

^VOLTAGE MOTOR 

\^"'n /^voltage 

VOLTAGE 


GATE CURRENT 
LIGHT LOAD 


SUPPLY 

-VOLTAGE motor 

-voltage 



GATE CURRENT 
HEAVY LOAD 


Figure 281. Full-wave SCR motor control circuit, with regulation. 


Table XXIII—Components For Circuit Shown in Fig. 281 


AC 

SUPPLY 

AC 

CURRENT 

Fx 

CRx, CR^, 

CRs, CRi 

Rx 

SCRx 

120V 

lA 

3AG, 1.5A, Quick Act 

RCAdN2860 

50K, 1 / 2 W 

RCA-2N3528 

120V 

3A 

3AB, 3A 

RCA-40110 

50K, y2W 

RCA-2N3228 

120V 

7A 

3AB, 7A 

RCA-40110 

50K, 1 / 2 W 

RCA-2N3669 

240V 

lA 

3AG, 1.5A, Quick Act 

RCA-1N2862 

lOOK, 1 / 2 W 

RCA-2N3529 

240V 

3A 

3AB, 3A 

RCA-40112 

lOOK, V 2 W 

RCA-2N3525 

240V 

7A 

3AB, 7A 

RCA-40112 

lOOK, 1 / 2 W 

RCA-2N3670 


Induction-Motor 
Reversing Controls 

Triacs are finding increasing 
application in motor-reversing 
circuits. Motor-reversing sys¬ 
tems that use electromechanical 
relays suffer from contact arcing, 
which results in short life and 
costly maintenance. Fig. 282 


shows a triac-controlled motor- 
reversing circuit that uses a 
split-phase capacitor-run motor. 
When triac No. 1 is in the OFF 
state and triac No. 2 is in the 
ON state, motor direction is con¬ 
trolled by triac No. 2. When triac 
No. 2 reverts to the OFF state 
and triac No. 1 turns on, the di¬ 
rection of motor rotation is re- 
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versed. Caution should be exer¬ 
cised in this type of circuit 
because, if triac No. 1 is turned 
on while triac No. 2 is on, a loop 
current that results from capaci¬ 
tor discharge will occur and may 
damage the triacs. A small re¬ 
sistance placed in the capacitor- 
loop current path limits the 
magnitude to tolerable levels and 
provides reliable operation. 

Use of triacs in motor-revers¬ 
ing circuits is illustrated by 
electronic garage-door systems 
which use the principle of motor- 


reversing for garage-door direc¬ 
tion control. The system contains 
a transmitter, a receiver, and an 
operator to provide remote con¬ 
trol for door opening and clos¬ 
ing. The block diagram in Fig. 
283 shows the functions required 
for a complete solid-state sys¬ 
tem. 

When the garage door is 
closed, the gate drive to the 
DOWN triac is disabled as a re¬ 
sult of the lower-limit closure, 
and the gate drive to the UP 
triac is inactive because of the 
conduction state of the flip-flop. 
A momentary keying of the trans¬ 
mitter causes the receiver to ac¬ 
tivate the time-delay monostable 
multivibrator, which changes the 
state of the flip-flop so that con¬ 
tinuous gate drive is provided 
to the UP triac. The door con¬ 
tinues to travel in the UP direc¬ 
tion until the upper-limit closure 
switch disables the gate drive to 
the UP triac. A second keying of 
the transmitter provides the 
DOWN triac with gate drive and 



Figure 283. Block diagram of solid-state garage-door system. 
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causes down travel until the 
DOWN triac is disabled by the 
lower-limit closure. The time dur¬ 
ing which the time-delay mono¬ 
stable multivibrator is active 
should override normal trans¬ 
mitter keying to eliminate er¬ 


roneous firing. Fig. 284 shows a 
circuit diagram which performs 
the required logic for motor di¬ 
rection, and Fig. 285 is a timing 
diagram that indicates the time 
the time-delay monostable multi¬ 
vibrator must be active in order 



Figure 284. Garage-door control. 
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Figure 285. Timing diagram for reversing 
system. 


to override transmitter keying. 
A significant feature of this 
system is that, during door 
travel, transmitter keying pro¬ 
vides motor directions independ¬ 
ent of the upper- and lower-limit 
closures. Additional features 
such as obstacle obstructions, 
manual control, or time-delay 
overhead garage lamps can be 
incorporated into the system very 
economically. 

HEATER CONTROLS 

Thyristors are easily adapted 
to the control of power to elec¬ 
trical heaters. Manual adjustment 
of the heater output may be made 
over an infinite range by use of 
phase-control circuits as described 
in the section on General Con¬ 
siderations. Automatic tempera¬ 
ture regulation may be incor¬ 
porated in phase-control systems 
through the use of a firing circuit 
which adjusts the conduction 
angle in response to feedback 
from a temperature sensor, such 
as a thermistor. 

The circuits included in this 
section accomplish temperature 
regulation in a different manner. 


Because the heater thermal-re¬ 
sponse time is generally much 
slower than the period of the ac 
line frequency, modulation of the 
heater output may be accomplished 
by switching the thyristor fully 
ON for a short period and then 
fully OFF for a period. Through 
the sensitivity of the firing cir¬ 
cuit, the temperature differential 
between ON and OFF states may 
be made extremely small. Precise 
temperature control is then 
achieved by rapid and frequent 
switching from ON to OFF. An 
advantage of this type of control 
is the reduction or elimination of 
radio-frequency interference gen¬ 
erated by the thyristor switching, 
which results because the switch¬ 
ing always occurs at or near the 
zero crossover point on the ac 
voltage wave. 

The heater control shown in 
Fig. 286 may be used in any ap¬ 
plication in which the power re¬ 
quirements range from 25 watts 
to 600 watts maximum and tem¬ 
perature regulation of ± 0 . 2 °C is 
adequate. For full-wave power 
control, the SCR is used in a recti¬ 
fier bridge. The temperature at 
which the power is interrupted is 
determined by the setting of the 
500-ohm potentiometer. The po¬ 
tentiometer sets the threshold 
level for the Qi—Q 2 regenerative- 
switch circuit, which is connected 
in parallel with the — Q 4 re- 
generative-switch circuit. The 
complete circuit is supplied with 
full-wave rectified voltage from 
the ac line through the 3000-ohm, 
10-watt resistor. The SCR is 
turned on by the current through 
the Qi—Q 2 regenerative-switch 
circuit after the threshold is ex¬ 
ceeded and Qi and Qo are in con¬ 
duction. The threshold level of the 
Q;i—Q 4 regenerative-switch cir- 
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Figure 286. Half-wave SCR heater control circuit. 


cuit is temperature-dependent and 
controlled by the thermistor. If 
the temperature is less than the 
reference temperature, the thresh¬ 
old level of the Q 3 —Q 4 regenera¬ 
tive-switch circuit is higher than 
the threshold level of the Qi—Q 2 
circuit, and transistors Qi and Q 2 
turn on and thus prevent the con¬ 
duction threshold level required 
for the Q 3 —Q 4 circuit from being 
reached. The current through the 
Qi—Q 2 circuit into the gate of 
the SCR turns on the SCR for the 
rest of the half-cycle. If the tem¬ 
perature is higher than the set 
reference, the Q 3 —Q 4 regenera¬ 
tive circuit turns on before the 
Qi—Q 2 circuit, and firing of the 
SCR is prevented. 

Fig. 287 shows a heater-control 
circuit that features zero-volt 
switching and full-wave thyristor 
control for loads up to 850 watts. 
The control circuit is the “an¬ 
ticipation'' type that uses two 


thermistors as temperature sen¬ 
sors. For convenience, it is as¬ 
sumed that the resistance of the 
thermistor TH 2 is constant. As 
the voltage of the negative half¬ 
cycle (applied through a diode 
CR4 and a 5600-ohm 2-watt re¬ 
sistor) increases to a certain mag¬ 
nitude (Vth 2 )» it turns on transis¬ 
tors Qi and Q 2 which form a 
regenerative-switch circuit. An¬ 
other regenerative-switch circuit 
composed of transistors Q 4 and Q 5 
is in parallel with the Qi—Q 2 
regenerative-switch circuit. The 
threshold level of the Q 4 — Q 5 cir¬ 
cuit, Vth 2 , is a function of the re¬ 
sistance of thermistor TH^, which 
senses the temperature to be regu¬ 
lated. If the temperature on ther¬ 
mistor THi increases, the resis¬ 
tance of the thermistor decreases 
and the threshold level Vt^i be¬ 
comes higher. If the threshold 
level Vtiii is higher than the thresh¬ 
old level Vti, 2 , the regenerative- 
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circuit transistors Qi and Qo turn 
on before the Q 4 —Q 5 regenera¬ 
tive circuit. The current through 
diode CR 3 and the 4700-ohm, 2- 
watt resistor during the negative 
cycle charges the 20 -microfarad 
capacitor. During the positive 
cycle, or slightly earlier, the 10 - 
microfarad capacitor starts to dis¬ 
charge through the 470-ohm re¬ 
sistor and the gate of the SCR 2 
thyristor. The discharge current 
into the gate of SCRo triggers the 
device. As SCR^ turns on, it closes 
the circuit for the 30-microfarad 
capacitor connected to the anode 
of SCRo. The current through the 
4700-ohm, 2-watt resistor and di¬ 
ode CRj charges the capacitor. 
The capacitor starts to discharge 
through the 270-ohm resistor and 
the gate of SCRi prior to the neg¬ 
ative half-cycle. SCR^ turns on for 
the negative half-cycle to complete 


a full cycle of operation. 

If the regenerative circuit com¬ 
posed of transistors and Qo 
turns on and a portion of the emit¬ 
ter current of Q 2 flows into the 
base of transistor Q^, transistor 
Q;} also turns on. As transistor Q 3 
turns on, it prevents the 20 - 
microfarad capacitor from being 
charged; thus, SCR 2 is not fired 
for the positive half-cycle. The 
resistance of thermistor TH 2 
(mounted in proximity to the 
heater element) is not constant 
(as had been assumed previously). 
The threshold level V,}, 2 ^ which 
serves as the reference level to 
which the threshold level is 
compared, is a function of the re¬ 
sistance of thermistor THo. As the 
temperature increases on thermis¬ 
tor TH 2 , the threshold level Vth 2 
decreases. When Vth 2 becomes 
smaller than Vthi, the power from 



Figure 287. Full-wave zero-switching SCR heater control circuit. 
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the heater is turned off. This con¬ 
dition occurs somewhat earlier in 
time than if the resistance of ther¬ 
mistor TH 2 were constant. 

INCANDESCENT 
LIGHTING CONTROLS 

A popular application of thy¬ 
ristors is in controls for incan¬ 
descent lighting systems. Lamp- 
dimmer controls make use of the 
basic phase-control techniques 
described earlier in the section 
General Considerations to vary 
the effective voltage applied 
across the lamp load. 

Firing Controls for 
Light Dimmers 

The basic circuits used in dim¬ 
mer controls can be grouped into 
two categories: single-time-con¬ 
stant and double-time-constant cir¬ 
cuits. A single-time-constant cir¬ 
cuit is shown in Fig. 288. The 
operation of the circuit was de¬ 
scribed previously in the section 
on Triggering Devices. 

An interesting aspect of the 
operation of this circuit for light 
dimming is the minimum level of 
illumination that can be achieved 


as the control is adjusted from its 
full OFF position. The dimmer 
control turns on the incandescent 
lamp with an appreciable initial 
brilliance for the following rea¬ 
son: The first instantaneous dis¬ 
charge of Cl reduces the voltage 
across it by some amount AV. This 
voltage reduction is caused by the 
instantaneous discharge of Ci 
through the trigger device and the 
gate circuit of the triac. This dis¬ 
charge causes triggering at earlier 
phase positions on succeeding half¬ 
cycles and, because the capacitor 
charges from a lower potential of 
opposite polarity, results in a 
‘'quick-turn-on” effect which pro¬ 
duces fairly high levels of initial 
illumination. Continued rotation 
of the potentiometer shaft in¬ 
creases the voltage across the load 
until the points of maximum load 
voltage and lamp illumination are 
reached. 

Rotation of the potentiometer 
shaft in the opposite direction in¬ 
creases the resistive value of Ri 
and causes the phase position of 
the triac triggering to be increas¬ 
ingly delayed from the line-voltage 
crossover point. This delayed trig¬ 
gering reduces the effective load 
voltage gradually until a point is 



Figure 288. Single-time-constant phase-control circuit for brightness control of 
incandescent lamps. 
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reached at which a small incre¬ 
ment of additional resistance 
causes the triac to stop conducting. 
At this point, all voltage is re¬ 
moved from the load and the lamp 
is turned off. The value of resis¬ 
tance needed, Rtoj to turn off the 
triac completely is greater than 
the value Rjc required to the triac 
to conduct initially. Therefore, 
R^q > Rjc for a single-time-con¬ 
stant circuit configuration. This 
difference in potentiometer set¬ 
tings for turn-on and turn-off is 
commonly referred to as “hystere¬ 
sis.’’ The hysteresis effect can be 


reduced by use of a double-time- 
constant circuit configuration. It 
should be noted that hysteresis 
and “quick-turn-on” are charac¬ 
teristics of the single-time-con¬ 
stant circuit. 

The two basic forms of the 
double-time-constant circuit are 
shown in Figs. 289 and 290. Both 
these circuits produce less hys¬ 
teresis and lower initial load 
voltage VjL than the single-time- 
constant circuit because the trig¬ 
gering capacitor C 2 is recharged 
by capacitor Cj after every trig¬ 
ger pulse. This recharge is shown 



Figure 289. Double-time-constant circuit for brightness control of incandescent lamps 
in which triac is cut off when potentiometer is set for maximum resistance. 



Figure 290. Double-time-constant phase-control circuit for brightness control of Incan¬ 
descent lamps In which a small amount of triac current flows when potentiometer 
is set for maximum resistance. 
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in Fig. 291. The recharge from Cj 
builds up the voltage on C 2 
to a value slightly less than the 
breakdown voltage of the trigger¬ 
ing device. This action results in 
relatively constant positive and 
negative reference voltages from 
which the capacitor C 2 is then sub¬ 
sequently charged to the next 
trigger-device breakover voltage. 
This voltage reduces the transient 



Figure 291. Voltage waveform across trig¬ 
gering capacitor C 2 in double-time-constant 
circuits shown in Figs. 289 and 290. 


phase-back of triggering during 
the first few half-cycles of conduc¬ 
tion and allows the lamp load to be 
initially energized with low effec¬ 
tive voltage. The low effective volt¬ 
age results in low levels of illumi¬ 
nation. It is then necessary to 
rotate the potentiometer only a 


small amount for the triac to stop 
conducting and the lamp to be 
completely dark. Thus, the hys¬ 
teresis effect is greatly reduced. A 
fundamental characteristic of the 
circuit of Fig. 290 is that the 
component values are chosen so 
that the triac is conducting a small 
amount of current when is at 
its maximum resistance setting. 
This current prevents the triac 
from going completely out of con¬ 
duction and thus prevents hyste¬ 
resis and quick-turn-on from oc¬ 
curring. 

In the lamp-dimmer circuit 
shown in Fig. 292, a resistor R 3 
is connected in series with the 
triggering diode to limit the mag¬ 
nitude of discharge current from 
capacitor C 2 and thus to reduce 
the instantaneous voltage drop 
across C 2 . This technique results 
in a further reduction of hystere¬ 
sis and quick-turn-on. 

Photocell-Operated 
On-Off Lamp Controls 

Photocells can be used in con¬ 
junction with light-dimmer cir¬ 
cuits to provide light-operated 
controls. These controls can be de- 
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Figure 292. Double-time-constant circuit that uses a series gate resistor. 
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signed so that the lamp turns on 
or off as the ambient light level 
changes from dark to light, or 
vice versa. Two photocell control 
circuits are shown in Figs. 293 
and 294. 

The circuit shown in Fig. 
293 causes the lamp load to 
turn on gradually as the light im¬ 
pinging on the photocell increases 
in intensity. As the ambient light 
intensity increases, the photocell 
resistance decreases to produce a 
higher effective voltage across the 
load. 


The circuit shown in Fig. 
294 causes the lamp load to 
turn off as the ambient light level 
increases. This behavior is caused 
by a decrease in photocell resis¬ 
tance as the ambient light inten¬ 
sity increases. The decreasing 
photocell resistance reduces the 
voltage across capacitor Ci to 
values less than the breakover 
voltage of the triggering device 
and prevents the triac from being 
triggered. Circuits of this type are 
useful as outdoor lighting controls 
because they can be designed to 



Figure 293. Photocell-operated on-off lamp control that energizes lamp load when 
photocell is illuminated. 



Figure 294. Photocell-operated lamp control circuit that energizes lamp load when 
photocell is not illuminated. 
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turn on at dusk and turn off at 
dawn automatically. 


Performance Characteristics 
of Light Dimmers 

The performance characteristics 
of light dimmers which are in¬ 
fluenced by the circuit con¬ 
figuration include hysteresis; 
the voltage across the load at 
initial turn-on, Vil; the maximum 
voltage that can be developed 
across the load, VL(max) ; and a 
phenomenon called ‘‘flash at turn¬ 
off/’ All of these characteristics 
were considered previously except 
flash at turn-off. The flash at turn¬ 
off is produced in double-time- 
constant circuits when the poten¬ 
tiometer is adjusted to turn off the 
triac. This effect can also be 
achieved by a reduction in the 
magnitude of the line voltage ap¬ 
plied to the circuit when the po¬ 
tentiometer is set at, or near, 
maximum resistance. A lower line 
voltage causes a shift in the phase 
of gate-triggering voltage to a 
point where the flashing condition 
occurs. The fundamental cause of 
this condition is a phase shift in 
the triggering voltage beyond the 
zero crossover point of the line 
voltage into the early portion of 
the next successive half-cycle, as 
shown in Fig. 295. The effective 
voltage on the load undergoes a 
transient change that lasts for a 
few cycles and results in the pres¬ 
ence of an appreciable voltage 
across the load during the tran¬ 
sient condition. This transient 
voltage causes the lamp filament to 
become brightly illuminated for a 
number of milliseconds and is 
manifested as a bright flash as the 
illumination of the lamp is being 
gradually reduced. 



TIME 


Figure 295. Waveforms during flash-at- 
turn-off condition in a double-time-constant 
phase-control circuit. 

The double-time-constant circuit 
is capable of producing a phase 
shift of the triggering voltage 
which is greater than 90 degrees. 
If the circuit components are 
chosen to produce this result and, 
simultaneously, to maintain the 
voltage magnitude across the trig¬ 
gering capacitor above the trig¬ 
ger-device breakover voltage, then 
a flash at turn-off occurs. How¬ 
ever, if the circuit components are 
selected to limit the maximum 
amplitude of the triggering volt¬ 
age at the 90-degree phase-delay 
condition below this critical value, 
there is no flash at turn-off. It 
should be noted that a trade-off 
exists between the flash-at-turn- 
off phenomenon and the hysteresis 
and Vil phenomena; i.e., elimina¬ 
tion of the flash at turn-off pro¬ 
duces slightly greater hysteresis 
and larger values of Vjl- 

Trigger-Device 

Characteristics 

Other important factors that in¬ 
fluence dimmer performance are 
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the characteristics of the trigger 
device used in a given circuit con¬ 
figuration. In Fig. 259, the volt¬ 
age-current characteristics for a 
triggering device were given, and 
several important parameters of 
the device were shown, including 
Vp, Ibl> and the negative-resis¬ 
tance characteristic R^. Devices 
that have high values of Vp and 
negative resistance produce large 
hysteresis and high values of Vil. 
The value of Vp is fundamental in 
determination of the value of Vil, 
and the magnitude of the negative 
resistance is the primary fac¬ 
tor in determination of the hys¬ 
teresis. The relationship of these 
factors was described in the pre¬ 
vious discussion, and the addition 
of a fixed-value series gate resis¬ 
tor was shown to produce less 
hysteresis than was obtained from 
the same circuit with series gate 
resistor. 


Load Considerations 

An important consideration in 
lamp-dimmer circuits is the load 
and its effect on the requirements 
for the triac. Obviously, the triac 
must be capable of handling the 
steady-state load current. In addi¬ 
tion, the triac should be capable 
of handling the transient load re¬ 
quirements. One of the transient 
requirements of incandescent lamp 
loads is the initial or cold-lamp 
inrush current, which may include 
some large peak values. The mag¬ 
nitudes of the current peaks are a 
function of the instantaneous 
value of the line voltage and the 
setting of the dimmer. Fig. 295 
illustrates the current waveforms 
for various initial values of line 
voltage and dimmer settings. 
These waveforms show that the 


largest peak currents are encoun¬ 
tered when the combination of 
line voltage and dimmer settings 
is such that load current com¬ 
mences at the peak of the line- 
voltage waveform. For this case, 
the ratio of initial peak current to 
the steady-state peak value is ap¬ 
proximately 10 to 1, and can rise 
as high as 15 to 1 for large- 
wattage lamps. This relationship 
implies that the triac chosen for 
a particular lamp load should have 
a subcycle surge capability suffi¬ 
cient to allow repeated passage of 
the cold inrush current without 
degradation of the device. 

Another phenomenon associated 
with the incandescent lamp load 
is flashover. Flashover refers to 
the internal arc which is devel¬ 
oped in the lamp when it burns 
out. Essentially, during burn-out, 
the lamp filament opens and an 
arc is initiated across the broken 
ends of the filament. Subsequently, 
the arc can transfer to the inter¬ 
nal lead-in wires and remain there 
until it self-extinguishes or the 
circuit is opened. Because the cur¬ 
rents associated with flashover 
can be large, the lamps have in¬ 
ternal fuses which are designed 
to act quickly and open the circuit 
to remove the current and extin¬ 
guish the arc. Damage or degra¬ 
dation of the triac because of an 
incandescent-lamp flashover can 
usually be avoided by selection of 
a triac that has a subcycle current 
capability which is compatible 
with, or in excess of, the I-t rat¬ 
ing of the lamp fuse. If this con¬ 
dition cannot be achieved in a 
particular application, it may be 
necessary to use external resistors 
or other devices to prevent the 
flashover current from exceeding 
the current-handling capacity of 
the triac. 
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High-F requency 
Power Amplifiers 


rn he advent of silicon rf power 
transistors capable of supply¬ 
ing up to 20 watts of output power 
at frequencies as high as 400 MHz 
has resulted in the increasingly 
widespread use of transistors in 
many commercial, industrial, and 
military transmitting applications. 
During the past few years, sili¬ 
con power transistors have dem¬ 
onstrated the ability to provide 
good operating efficiency, high 
power gain, and excellent tempera¬ 
ture and frequency stability when 
used in class A, B, or C rf power 
amplifiers. This capability, to¬ 
gether with the small size and 
compact structure of the silicon 
transistors, has led to the use of 
these devices in many power- 
amplifier applications that pre¬ 
viously were considered the sole 
province of electron tubes. 

DESIGN OF RF 
POWER AMPLIFIERS 

In the design of silicon-transis¬ 
tor rf power amplifiers for use in 
transmitting systems, several fun¬ 
damental factors must be consid¬ 
ered. As with any rf power ampli¬ 
fier, the class of operation has an 
important bearing on the power 
output, linearity, and operating 
efficiency. The modulation require¬ 
ments of transistor rf power am¬ 


plifiers differ slightly from those 
for tube amplifiers. The matching 
characteristics of input and out¬ 
put terminations significantly af¬ 
fect power output and frequency 
stability and, therefore, are par¬ 
ticularly important considerations 
in the design of either transistor 
or vacuum-tube power amplifiers. 
In some applications, multiple con¬ 
nections of the silicon power tran¬ 
sistors may be required to develop 
the desired amount of output 
power. The selection of the proper 
transistor for a given circuit ap¬ 
plication is also a major considera¬ 
tion, and the circuit designer must 
realize the significance of the var¬ 
ious transistor parameters to 
make a valid evaluation of differ¬ 
ent types. 

Class of Operation 

The class of operation of an rf 
amplifier is determined by the cir¬ 
cuit performance required in the 
given applications. Class A power 
amplifiers are used when extreme¬ 
ly good linearity is required. Al¬ 
though power gain in this class of 
service is considerably higher than 
that in class B or class C service, 
the operating efficiency of a class 
A power amplifier is usually only 
about 25 per cent. Moreover, the 
standby drain and thermal dissi- 
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pation of a class A stage are 
high, and care must be exercised 
to assure thermal stability. 

In applications, such as single¬ 
sideband transmitters, that re¬ 
quire good linearity, class B push- 
pull operation is usually employed 
because the transistor dissipation 
and standby drain are usually 
much smaller and operating effi¬ 
ciency is higher. Class B opera¬ 
tion is characterized by a collector 
conduction angle of 180 degrees. 
This conduction is obtained by use 
of only a slight amount of forward 
bias in the transistor stage. In 
this class of service, care must be 
taken to avoid thermal runaway. 

In a class C transistor stage, 
the collector conduction angle is 
less than 180 degrees. The gain of 
the class C stage is less than that 
of a class A or class B stage, but 




is entirely usable. In addition, in 
the class C stage standby drain is 
virtually zero, and circuit effi¬ 
ciency is the highest of the three 
classes. Because of the high effi¬ 
ciency, low collector dissipation, 
and negligible standby drain, class 
C operation is the most commonly 
used mode in rf power transistor 
applications. 

For class C operation, the base- 
to-emitter junction of the tran¬ 
sistor must be reverse-biased so 
that the collector quiescent cur¬ 
rent is zero during zero-signal 
conditions. Fig. 296 shows four 
methods that may be used to re¬ 
verse-bias a transistor stage. 

Fig. 296(a) shows the use of a 
dc supply to establish the reverse 
bias. This method, although effec¬ 
tive, requires a separate supply, 
which may not be available or may 




Figure 296. Methods for obtaining class C reverse bias: (a) by use of fixed dc supply 
Vbb; (b) by use of dc base current through the base spreading resistance rbb'; (c) by 
use of dc base current through an external base resistance Rb; (d) by use of self bias 
developed across an emitter resistor Re. 
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be difficult to obtain in many ap¬ 
plications. In addition, the bypass 
elements required for the separate 
supply increase the circuit com¬ 
plexity. 

Figs. 296(b) and 296(c) show 
methods in which reverse bias is 
developed by the flow of dc base 
current through a resistance. In 
the case shown in Fig. 296(b), 
bias is developed across the base 
spreading resistance. The magni¬ 
tude of this bias is small and un¬ 
controllable because of the varia¬ 
tion in r,,,,- among different tran¬ 
sistors. A better approach, shown 
in Fig. 296(c), is to develop the 
bias across an external resistor 
Rp,. Although the bias level is 
predictable and repeatable, the 
size of Rp. must be carefully chosen 
to avoid reduction of the collector- 
to-emitter breakdown voltage. 

The best reverse-bias method is 
illustrated in Fig. 296(d). In this 
method, self-bias is developed 
across an emitter resistor Ri.> Be¬ 
cause no external base resistance 
is added, the collector-to-emitter 
breakdown voltage is not affected. 
An additional advantage of this 
approach is that stage current may 
be monitored by measurement of 
the voltage drop across Re- This 
technique is very helpful in bal¬ 
ancing the shared power in paral¬ 
leled stages. The bias resistor Re 
must be bypassed to provide a 
very-low-impedance rf path to 
ground at the operating frequency 
to prevent degeneration of stage 
gain. In practice, emitter bypass¬ 
ing is difficult and frequently re¬ 
quires the use of a few capacitors 
in parallel to reduce the series in¬ 
ductance in the capacitor leads 
and body. Alternatively, the lead- 
inductance problem may be solved 
by formation of a self-resonant 
series circuit between the capaci¬ 
tor and its leads at the operating 


frequency. This method is ex¬ 
tremely effective, but may restrict 
stage bandwidth. 

Modulation (AM, FM, SSB) 

Amplitude modulation of the 
collector supply of a transistor 
output stage does not result in 
full modulation. During down- 
modulation, a portion of the rf 
drive feeds through the transistor. 
Better modulation characteristics 
can be obtained by modulation of 
the supply to at least the last two 
stages in the transmitter chain. 
On the downward modulation 
swing, drive from the preceding 
modulated stages is reduced, and 
less feed-through power in the 
output results. Flattening of the 
rf output during up-modulation is 
reduced because of the increased 
drive from the modulated lower- 
level stages. 

The modulated stages must be 
operated at half their normal 
voltage levels to avoid high col¬ 
lector-voltage swings that may ex¬ 
ceed transistor collector-to-emitter 
breakdown ratings. RF stability 
of the modulated stages should be 
checked for the entire excursion 
of the modulating signal. 

Amplitude modulation of tran¬ 
sistor transmitters may also be 
obtained by modulation of the 
lower-level stages and operation 
of the higher-level stages in a 
linear mode. The lower efficiencies 
and higher heat dissipation of the 
linear stages override any advan¬ 
tages that are derived from the 
reduced audio-drive requirements; 
as a result, this approach is not 
economically practical. 

Frequency modulation involves 
a shift of carrier frequency only. 
Carrier deviations are usually 
very small and present no prob¬ 
lems in amplifier bandwidth. For 
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example, maximum carrier devia¬ 
tions in the 50-MHz and 150-MHz 
mobile bands are only 5 kHz. Be¬ 
cause there is no amplitude varia¬ 
tion, class C rf transistor stages 
have no problems handling fre¬ 
quency modulation. 

Single-sideband (SSB) modula¬ 
tion requires that all stages after 
the modulator operate in a linear 
mode to avoid intermodulation- 
distortion products near the car¬ 
rier frequency. In many SSB ap¬ 
plications, channel spacing is 
close, and excessive distortion re¬ 
sults in adjacent-channel inter¬ 
ference. Distortion Js effectively 
reduced by class B operation of 
the rf stages, with close attention 
to biasing the transistor base-to- 
emitter junction in a near-linear 
region. 

Matching Requirements 

A simplified high-frequency 
equivalent circuit of an ‘‘overlay” 
type of transistor is shown in 
Fig. 297. This circuit is similar 
to the hybrid-pi equivalent circuit 



transistor. 


of a transistor except for the ad¬ 
dition of the capacitance Cbc- This 
capacitance represents the high 
collector-to-base capacitance in the 
overlay transistor which is created 
by the large area of the collector- 
to-base junction together with the 
active area under the emitter. 
This capacitance and the capaci¬ 


tance Cb’e vary nonlinearly with 
the collector-to-emitter voltage. 

Maximum performance in a 
transistor rf amplifier can be 
obtained only if the base and 
collector terminals are properly 
terminated. The input network 
generally is required to match a 
50-ohm source to the relatively 
low base-to-emitter impedance, 
which includes approximately 1 to 
10 ohms of resistance and some 
series reactance. The output net¬ 
work must match a resistive com¬ 
ponent and the transistor output 
capacitance to a load impedance, 
which is generally about 50 ohms. 
In most applications, the output 
network also acts as a band-rejec¬ 
tion filter to eliminate unwanted 
frequency components that may be 
included in the collector wave¬ 
form. The filter presents a high 
impedance to these unwanted fre¬ 
quencies and also increases col¬ 
lector efficiency. The power output 
and collector-voltage swing deter¬ 
mine the resistive component to 
be presented to the collector. The 
design and form of the output 
networks (resonant circuits for 
narrow-band operation or trans¬ 
mission lines for broad-band oper¬ 
ation) are discussed in a later 
section. 

Multiple Connection of 
Power Transistors 

Many applications require more 
rf power than a single transistor 
can supply. The parallel approach 
is the most widely used method 
for multiple connection of power 
transistors. 

In parallel operation of transis¬ 
tors, steps must be taken to assure 
equal rf and thermal load sharing. 
In one approach, the transistors 
are connected directly in parallel. 
This approach, however, is not 
very practical from an economic 
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standpoint because it requires the 
use of transistors that are ex¬ 
actly matched in efficiencies, power 
gains, terminal impedances, and 
thermal resistances. A more prac¬ 
tical approach is to employ signal 
splitting in the input matching 
network. By use of adjustable 
components in each leg, adequate 
compensation can be made for 
variations in power gains and in¬ 
put impedances to assure equal 
load sharing between the transis¬ 
tors. For applications in which low 
supply voltages are used and high 
power outputs are desired, the 
output impedance of the rf ampli¬ 
fier is very low. For this reason, 
it is beneficial, in the interest of 
paralleling efficiency, to split the 
collector loads. By use of separate 
collector coils, the power outputs 
may be combined at higher impe¬ 
dance levels at which the effect of 
any asymmetry introduced by lead 
inductances is insignificant and 
resistive losses are less. The use 
of separate collector coils also per¬ 
mits individual collector currents 
to be monitored. 

Transistor Parameters 

In selection of a transistor and 
circuit configuration for an rf 
power amplifier, the designer 
should be familiar with the fol¬ 
lowing transistor and circuit char¬ 
acteristics : 

(1) maximum transistor dissi¬ 
pation and derating, 

(2) maximum collector current, 

(3) maximum collector voltage, 

(4) input and output impedance 
characteristics, 

(5) high-frequency current- 
gain figure of merit (fT)> 

(6) operational parameters 
such as efficiency, usable 
power output, power gain, 
and load-pulling capability. 


Proper cooling must be pro¬ 
vided to prevent destruction of the 
transistor because of overheating. 
Transistor dissipation and derat¬ 
ing information reflect how well 
the heat generated within the 
transistor can be removed. This 
factor is determined by the junc- 
tion-to-case thermal resistance of 
the transistor. A good rf power 
transistor is characterized by a 
low junction-to-case thermal resis¬ 
tance. 

The current gain of an rf tran¬ 
sistor varies approximately in¬ 
versely with emitter current at 
high emitter-current levels. Peak 
collector current may be deter¬ 
mined by the allowable amount of 
gain degradation at high frequen¬ 
cies. For applications in which 
amplitude modulation or low sup¬ 
ply voltages are involved, peak 
current-handling capabilities are 
very important criteria to good 
performance. 

The maximum collector voltage 
rating must be high enough so 
that junction breakdown does not 
occur under conditions of large 
collector voltage swing. The large 
voltage swing is produced under 
conditions of amplitude modula¬ 
tion or reactive loading because 
of load mismatch and circuit tun¬ 
ing operations. 

Before the proper matching net¬ 
works for an rf amplifier can be 
designed, transistor impedance 
(or admittance) characteristics at 
the expected operating conditions 
of the circuit must be known. It is 
important that the value and de¬ 
pendence of transistor impedances 
on collector current, supply volt¬ 
age, and operating frequency be 
defined. 

The term fT defines the fre¬ 
quency at which the current gain 
of a device is unity. This parame¬ 
ter is essential to the determina- 
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tion of the power-gain perfor¬ 
mance of an rf transistor at a 
particular frequency. Because fT 
is current-dependent, it normally 
decreases at very high emitter 
currents. Therefore, it should be 
determined at the operating cur¬ 
rent levels of the circuit. A high 
frp at high emitter or collector 
current levels characterizes a good 
rf transistor. 

The operational parameters of 
an rf transistor can be considered 
to be those measured during the 
performance of a given circuit in 
which this type of transistor is 
used. The information displayed 
by these parameters is of a direct 
and practical interest. Operating 
efficiencies can normally be ex¬ 
pected to vary between 30 and 80 
per cent. Whenever possible, a cir¬ 
cuit should employ transistors 
that have operational parameters 
specified at or near the operating 
conditions of the circuit so that 
comparisons can be made. 

In some rf power applications, 
such as mobile radio, the transis¬ 
tors must withstand adverse con¬ 
ditions because high SWR's are 
produced by faulty transmission 
cables or antennas. The ability of 
a transistor to survive these faults 
is sometimes referred to as load 
pulling or mismatch capability, 
and depends on transistor break¬ 
down characteristics as well as 
circuit design. The load-pulling 
effects that the transistor may be 
subjected to can be determined by 
replacement of the rf load with a 
shorted stub and movement of the 
short through a half wavelength 
at the operating frequency. Dissi¬ 
pation capabilities of a transistor 
subjected to load pulling must be 
higher than normal to handle the 
additional device dissipation cre¬ 
ated by the mismatch. 


Circuit Considerations 

In many instances, components 
and constructional techniques used 
for rf vacuum-tube equipment ap¬ 
plications are not suitable for rf 
transistor circuits. Primarily, this 
incompatibility between tube and 
transistor requirements results 
because of the substantially lower 
circuit impedances encountered in 
transistor circuits. 

Probably the most troublesome 
area in high-frequency transistor 
circuits is frequency stability. 
Most instabilities occur at fre¬ 
quencies well below the frequency 
of operation because of the in¬ 
creased gain at lower frequencies. 
With the gain increasing at 6 dB 
per octave, any parasitic low-fre¬ 
quency resonant loop can set the 
circuit into oscillation. Such para¬ 
sitic oscillations can result in pos¬ 
sible destruction of the transistor. 
These low-frequency loops can 
usually be traced to inadequate 
bypassing of power-supply leads, 
circuit component self-resonances, 
or rf choke resonances with circuit 
or transistor capacitances. Supply 
bypassing can be effected by use 
of two capacitors, one for the 
operating frequency and another 
for the lower frequencies. For 
amplifiers operated in the 25-to- 
70-MHz range, sintered-electrode 
tantalum capacitors can provide 
excellent bypassing at all frequen¬ 
cies of concern. RF chokes, when 
used, should be low-Q types and 
should be kept as small as possible 
to reduce circuit gain at lower 
frequencies. Chokes of the ferrite 
bead variety have been used very 
successfully as base chokes. Col¬ 
lector rf chokes can be avoided by 
use of a coil in the matching net¬ 
work to apply dc to the collector. 

Because of the variation of tran- 
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sistor parameters with changes in 
collector voltage and current, the 
stability of an rf transistor stage 
should be checked under all ex¬ 
pected conditions of supply volt¬ 
age, drive level, source mismatch, 
load mismatch, and, in the case of 
amplitude modulation, modulation 
swing. 

Parametric oscillation is an¬ 
other form of instability that can 
occur in rf circuits that use power 
transistors. The transistor collec- 
tor-to-base capacitance, as stated 
previously, is nonlinear and can 
cause oscillations that appear as 
low-level spurious frequencies not 
related to the carrier frequency. 

Careful selection of components 
is necessary to obtain good per¬ 
formance in an rf transistor cir¬ 
cuit. The components should be 
checked with an impedance bridge 
for parasitic impedances and self¬ 
resonances. When parasitic ele¬ 
ments are encountered, their pos¬ 
sible detrimental effects on circuit 
performance should be determined. 
This procedure helps the designer 
select coils and capacitances with 
low losses and high self-resonances 
(capacitors of the “bypass feed- 
through’^ or “mica postage stamp” 
variety can have very high self¬ 
resonances). Resistors used in rf 
current paths should have low 
series inductance and shunt ca¬ 
pacitance (generally, low-wattage 
carbon resistors are quite accept¬ 
able) . 

Circuit layout and construction 
are also important for good per¬ 
formance. Chassis should be of a 
high-conductivity material such as 
copper or aluminum. Copper is 
sometimes preferable because of 
its higher conductivity and the 
fact that components can be sol¬ 
dered directly to the chassis. An¬ 
other chassis approach now be¬ 
coming popular is the use of 


double-side laminated printed-cir¬ 
cuit boards. The circuit, in this 
approach, may be arranged so that 
all the conductors are on one side 
of the board. The opposite-side 
foil is then employed as an addi¬ 
tional shield. Whenever possible, 
the chassis should be designed on 
a single plane to reduce chassis 
inductance and to minimize un¬ 
wanted ground currents. 

It must be remembered that, at 
rf frequencies, any conductor has 
an inductive and resistive impe¬ 
dance that can be significant when 
compared to other circuit impe¬ 
dances in a transistor amplifier. 
It follows, therefore, that wiring 
should be as direct and short as 
possible. It is also helpful to con¬ 
nect all grounds in a small area 
to prevent chassis inductance from 
causing common-impedance gain 
degeneration in the emitter cir¬ 
cuit. Busses or straps may be 
used, but it should be remembered 
that these items have some induc¬ 
tance and that the point at which 
a component is connected to a buss 
can affect the circuit. 

Coils used in input and output 
matching networks should be ori¬ 
ented to prevent unwanted cou¬ 
pling. In some applications, such 
as high-gain stages, coil orienta¬ 
tion alone is not enough to prevent 
instability or strange tuning char¬ 
acteristics, and additional shield¬ 
ing between base and collector 
circuits must be used. 

In common-emitter circuits, 
stage gain is very dependent on 
the impedance in series with the 
emitter. Even very small amounts 
of inductive degeneration can 
drastically reduce circuit gain at 
high frequencies. Although emit¬ 
ter degeneration results in better 
stability, it should be kept as low 
as possible to provide good gain 
and to reduce tuning interaction 
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and feedback between output and 
input circuits. The emitters of 
many rf power transistors are in¬ 
ternally connected to the case so 
that the lowest possible emitter- 
lead inductance is achieved. This 
technique substantially reduces 
the problems encountered when 
the transistor is fastened directly 
to the chassis. If a transistor with 
a separate emitter lead is used, 
every attempt should be made to 
provide a low-inductance connec¬ 
tion to the chassis, even to the 
point of connecting the chassis di¬ 
rectly to the lead (or pin) as close 
to the transistor body as practi¬ 
cable. In extreme cases, emitter 
tuning by series resonating of the 
emitter-lead inductance is em¬ 
ployed. 

Another important area of con¬ 
cern involves the removal of heat 
generated by the transistor. Ade¬ 
quate thermal-dissipation capabil¬ 
ities must be provided; in the case 
of lower-power devices, the chassis 
itself may be used. Finned heat 
sinks and other means of increas¬ 
ing radiator area are used with 
higher-power devices. Considera¬ 
tion must also be given to ambient 
variations and mismatch condi¬ 
tions during tuning operations or 
load pulling, when transistor dis¬ 
sipation can increase. Under such 
conditions, the thermal resistance 
of the transistor may be the limit¬ 
ing factor, and may dictate either 
a change to another device of 
lower thermal resistance or a par¬ 
allel mode of operation using the 
existing transistor. 

MATCHING NETWORKS 

Matching networks for rf am¬ 
plifiers perform two important 
functions. First, they transform 
impedance levels as required by 
the active and fixed elements (e.g., 


transistor output to antenna im¬ 
pedance) . Second, they provide 
frequency discrimination by vir¬ 
tue of the ''quality factor'' (Q) of 
the resonant circuit, transform 
harmonic energy into desired out- 
put-frequency energy, and prevent 
the presence of undesired fre¬ 
quency components in the output. 

Design Objectives of 
Matching Circuits 

The design of matching circuits 
is based on the following require¬ 
ments : 

(1) desired or actual network 
output impedance specified 
by the series resistance Rg 
and series reactance Xg or 
shunt conductance Gp and 
shunt susceptance Bp*, 

(2) desired or actual network 
input impedance specified 
by Rg and Xg or Gp and Bp; 

(3) loaded circuit Q calculated 
with input and output ter¬ 
minations connected. 

The usual approach is to use L, T, 
or twin-T matching pads or tuned- 
transformer networks. More so¬ 
phisticated systems may use ex¬ 
ponential lines and balun trans¬ 
formers. 

Input Matching—In practically 
all power-transistor stages, the in¬ 
put circuit must provide a match 
between a source impedance that 
is high compared to the transistor 
input impedance and the transis¬ 
tor input. When several stages are 
used, both the input and output 
impedance of a driver stage are 
usually higher than those of the 
following stage. 

In most good rf transistors, the 
real part of the input impedance 
is usually low, in the order of a 
few tenths of an ohm to several 
ohms. In a given transistor family. 
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the resistive part of the common- 
emitter input impedance is always 
inversely proportional to the area 
of the transistor and, therefore, 
is inversely proportional to the 
power-output capability of the 
transistor, if equal emitter induc¬ 
tances are assumed. 

The reactive part of the input 
impedance is a function of the 
transistor package inductance, as 
well as the input capacitance of 
the transistor itself. When the 
capacitive reactance is smaller 
than the inductive reactance, low- 
frequency feedback to the base 
may be excessive. It is not uncom¬ 
mon to use an inductive input for 
high-power large-area transistors 
because the input reactance is a 
series combination of the package 
lead inductance and the input ca¬ 
pacitance of the transistor itself. 
Thus, at low frequencies the input 
is capacitive, and at higher fre¬ 
quencies it becomes inductive. At 
some single frequency, it is en¬ 
tirely resistive. 

Output Matching — Although 
maximum power gain is obtained 
under matched conditions, a mis¬ 
match may be required to meet 
other requirements. Under some 
conditions, a mismatch may be 
necessary to obtain the required 
selectivity. In power amplifiers, 
the load impedance presented to 
the collector, is not made equal 
to the output resistance of the 
transistor. Instead, the value of 
Rj^ is dictated by the required 
power output and the peak dc col¬ 
lector voltage. The peak ac voltage 
is always less than the supply 
voltage because of the rf satura¬ 
tion voltage. The collector load re¬ 
sistance Ry, may be expressed as 
follows: 


Rl=(Vcc)V2Po (288) 


Designs for tuned, untuned, nar¬ 
row-band high-Q, and broad-band 
coupling networks are considered 
later under specific applications. 
In some cases, particularly mobile 
and aircraft transmitters, consid¬ 
erations for safe operation must 
include variations in the load, 
both in magnitude and phase. 
Safe-operation considerations may 
include protective circuits or actu¬ 
al test specifications imposed on 
the transistor to assure safe oper¬ 
ation under the worst-load condi¬ 
tions. 


Network Design 

The basic components to be con¬ 
sidered in the design of matching 
networks are shown in Fig. 298. 


SOURCE 

IMPEDANCE 


MATCHING 

NETWORK 


-1 

LOAD 

IMPEDANCE 


Figure 298. Basic components considered 
in the design of a matching network. 


For the input matching network, 
the source is assumed to be a gen¬ 
erator that has a 50-ohm imped¬ 
ance. For the output matching 
network, the source is the output 
of the transistor, which can be 
approximated as shown in Fig. 
299. 



Figure 299. Equivalent circuit for the out¬ 
put of a transistor. 


Output-Circuit Design—When 
the dc supply voltage and power 
output are specified, the circuit 
designer must determine the load 
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for the collector circuit [R^ = 
(Vce) V2Po]. Because an rf power 
amplifier is usually designed to 
amplify a specific frequency or 
band of frequencies, tuned circuits 
are normally used as coupling net¬ 
works. The choice of the output 
tuned circuit must be made with 
due regard to proper load match¬ 
ing and good tuned-circuit effi¬ 
ciency. 

As a result of the large dynamic 
voltage and current swings in a 
class C rf power amplifier, the col¬ 
lector current contains a large 
amount of harmonics. This effect 
is caused primarily by the non¬ 
linearity in the transfer charac¬ 
teristics of the transistor. The 
tuned coupling networks selected 
must offer a relatively high imped¬ 
ance to these harmonic currents 
and a low impedance to the fun¬ 
damental current. 

Class C rf power amplifiers are 
reverse-biased beyond collector- 
current cutoff; harmonic currents 
are generated in the collector 
which are comparable in ampli¬ 
tude to the fundamental compo¬ 
nent. However, if the impedance 
of the tuned circuit is sufficiently 
high at the harmonic frequencies, 
the amplitude of the harmonic 
currents is reduced and the con¬ 
tribution of these harmonic cur¬ 
rents to the average current flow¬ 
ing in the collector is minimized. 
The collector power dissipation is 
therefore reduced, and the collec¬ 
tor-circuit output efficiency is in¬ 
creased. 

Figs. 300 and 301 illustrate the 
use of parallel tuned circuits 
to couple the load to the collector 
circuit. The collector electrode 
of the transistor is tapped down 
on the output coil. Capacitor Cj 
provides tuning for the funda¬ 
mental frequency, and capacitor 
Co provides load matching of R^ 
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Figure 300. Tuned-circuit output coupling 
method and design equations in which 
output is transferred to load by a series 
coupling capacitor. 


to the tuned circuit. The trans¬ 
formed Rl across the entire tuned 
circuit is stepped down to match 
the collector by the proper turns 
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Figure 301. Tuned-circuit output coupling 
method and design equations in which 
output to the load is obtained from a 
capacitive voltage divider. 


272 


RCA Silicon Power Circuits Manual 


ratio of the coil L^. If the value 
of the inductance Lj is chosen 
properly and the portion of the 
output-coil inductance between 
the collector and ground is suf¬ 
ficiently high, the harmonic por¬ 
tion of the collector current in 
the tuned circuit is small. There¬ 
fore, the contribution of the har¬ 
monic current to the dc com¬ 
ponent of current in the circuit 
is minimized. The use of a 
tapped-down connection of the 
collector to the coil maintains 
the loaded Q of the circuit and 
minimizes variation in the band¬ 
width of the output circuit with 
changes in the output capaci¬ 
tance of the transistor. 

Although the circuits shown in 
Figs. 300 and 301 provide cou¬ 
pling of the load to the collec¬ 
tor circuit with good harmonic- 
current suppression, the tuned- 
circuit networks have a serious 
limitation at very high frequen¬ 
cies. Because of the poor coefficient 
of coupling in coils at very high 
frequencies, the tap position is 
usually established empirically so 
tha;t proper collector loading is 
achieved. Fig. 302 shows several 
suitable output coupling networks 
that provide the required collector 
loading and also suppress the cir¬ 
culation of collector harmonic cur¬ 
rents. These networks are not de¬ 
pendent upon coupling coefficient 
for load-impedance transforma¬ 
tion. 

The collector output capacitance 
for the networks shown in Fig. 
302 is included in the design equa¬ 
tions. The collector output capaci¬ 
tance of a transistor varies con¬ 
siderably with the large dynamic 
swing of the collector-to-emitter 
voltage and is dependent upon 
both the collector supply voltage 
and the power output. 


Input-Circuit Design—The in¬ 
put circuit of most transistors can 
be represented by a resistor r^b' 
in series with a capacitor Cin. The 
input network must tune out the 
capacitance C^n and provide a pure¬ 
ly resistive load to the collector of 
the driver stage. Fig. 303 shows 
several networks capable of cou¬ 
pling the base to the output of the 
driver stage and tuning out the 
input capacitance Ci„. In the 
event that the transistor used has 
an inductive input, the reactance 
Xcj is made equal to zero, and 
the base inductance is included 
as part of inductor for net¬ 
works such as that shown in Fig. 
303(a) and is included as part 
of 1 j 2 for networks of the type 
shown in Fig. 303(c). In Fig. 
303 (a), the input circuit is formed 
by the T network consisting of 
Cl, C 2 , and Li. If the value of the 
inductance Lj is chosen so that its 
reactance is much greater than 
that of Cin, series tuning of the 
base-to-emitter circuit is obtained 
by Li and the parallel combina¬ 
tion of C 2 and (Cl + Co). Capaci¬ 
tors Cl and Co provide the imped¬ 
ance matching of the resultant 
input resistance rbi/ to the col¬ 
lector of the driving stage. Fig. 
303(b) shows a T network in 
which the location of Li and C 2 is 
chosen so that the reactance of 
the capacitor is much greater than 
that of Cin I C 2 can then be used to 
step up rbi/ to an appropriate 
value across Li. The resultant par¬ 
allel resistance across Li is trans¬ 
formed to the required collector 
load value by capacitors Ci and 
Co. Parallel resonance of the cir¬ 
cuit is obtained by Li and the 
parallel combination (Ci 4- Co) 
and C 2 . 

The circuits shown in Fig. 
303(a) and 303(b) require the 
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LET C2k= 2 CouTiR|=R2i fpLOW FREO. CUT0FFif2=HI-FREQ. CUTOFF 
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Figure 302. Additional transistor output-coupling networks including transistor output 

capacitance. 
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FOR Xl| »Xc|*,R|>R2*rbb' 



FOR Xc2»Xc|;Ri>R2= 




Figure 303. Transistor input-circuit coupling networks. 
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Figure 304. Other suitable rf-amplifier coupling networks for maximum power transfer. 
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collector of the driving transistor 
to be shunt-fed by a high-imped- 
ance rf choke. Fig. 303(c) shows 
a coupling network that eliminates 
the need for a choke. In this cir¬ 
cuit, the collector of the driving 
transistor is parallel tuned, and 
the base-to-emitter junction of the 
output transistor is series tuned. 
Fig. 304 shows several other 
forms of coupling networks that 
can be used in rf power-amplifier 
designs. 

The Impedance-Admittance 
Chart 

One of the most useful tools for 
designing matching networks is 
the impedance-admittance chart. 
This chart can be described simply 
as the plane of reflection coeffi¬ 
cient for admittances, and pro¬ 
vides an easier and faster method 
of circuit analysis than that of¬ 
fered by rectangular admittance 
or impedance charts. The chart 
displays graphically all ladder- 
type matching networks, and 
shows the applicable tuning ranges 
for variable components. Lumped- 
component values for a given fre¬ 
quency may be determined directly 
from the chart in normalized 
values. The chart can be used for 
idealized equivalent circuits, as 
well as for circuits that employ 
transformers or tapped coils. 

Fig. 305 shows the basic layout 
of the chart. Shunt elements in a 
ladder follow the admittance cir¬ 
cles (shown dotted). Values of 
shunt elements correspond to val¬ 
ues on the intersection arcs. Series 
elements follow the impedance 
circles; corresponding values are 
read from corresponding intersec¬ 
tion arcs. 

Rules for Plotting Networks 
and Components—When a single 


component L, C, or R is added to 
a known impedance, one of the 
following parameters does not 
change: resistance (R), reactance 
(X), conductance (G), or suscep- 
tance (B). (Non-ideal components 
must be divided into two separate 
ideal components; e.g., a lossy 
inductor into separate L and R 
components.) Therefore, the com¬ 
ponent follows that constant-pa¬ 
rameter curve. For example, an 
inductor added in series with the 
circuit does not change the series 
resistance curve. The procedure 
for each type of component is 
listed in Table XXIV, which, to¬ 
gether with Fig. 306, indicates 
the direction of travel along the 
curve and makes it unnecessary to 
determine the plus or minus sign 
on the reactances and susceptances. 


Quality Factor, Q—The oper¬ 
ating Q must be specified, to¬ 
gether with the input and output 
impedances, in the design of a 
matching network. The magnitude 
of the operating Q is a compro¬ 
mise between efficiency and har¬ 
monic rejection. 

Unfortunately, the exact oper¬ 
ating Q of a complex circuit can¬ 
not always be determined by cal¬ 
culations at a single frequency. 
When circuit design equations are 
used, this problem is circumvented 
by defining an operating Q which 
is easily calculated and which ap¬ 
proximates the actual Q. The 
graphical technique uses the same 
type of approximation, but more 
simply and more visibly. The Q of 
each node of the circuit plot is de¬ 
termined by the constant-Q curves 
shown in Fig. 307. The node that 
has the highest Q dominates; this 
Q is then defined as the operating 
Q of the circuit. 
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B=I=X 



Table XXIV- 

Use 

-Procedure for Plotting Component Values 
Impedance-Admittance Chart 

on 

To Add 

Chart 

Follow a Curve of 

Direction 

Component 

Value 

Series L 

Z 

Constant Series R 

CW 

Xi. = 

Xi - Xi 

Series C 

Z 

Constant Series R 

ccw 

Xc = 

Xi - Xi 

Series R 

z 

Constant X 

toward open 

Rs = 

Rf - Ri 

Shunt + L 

Y 

Constant Parallel R (G) 

CCW 

Bl = 

Bi - B, 

Shunt + C 

Y 

Constant Parallel R (G) 

CW 

Bo = 

Bf - B, 

Shunt -i- R 

Y 

Constant B 

toward short 

1/Rp = 

Gf - Gi 


Calculate the change In X, B, G and R by disregarding the + and — signs of the points on the 
chart. However, be sure to measure the entire change in X, R, B, or G. For example, a series 
capacitor which changes Xi = 0.4 Inductive (above pure R line) to Xi = 0.3 capacitive (below 
pure R line) has a value of 0.7. 

Note: Shunt refers to components with one terminal grounded and in parallel with the rest of the 
network. 
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Figure 306. Method used to trace constant-parameter curves for matching-network 

components. 


Normalized Values—Impedance 
charts use normalized values. This 
graphical technique requires that 
normalized impedance and admit¬ 
tance values be consistent. The ex¬ 
amples use 1(1 = lu = [50(1] (for 
impedances) = [(l/50o] (for 

admittances). (Note: Brackets 
are used here, and in succeeding 
text and illustrations, to indi¬ 
cate the actual impedances or 
admittances represented by the 
normalized values.) The ohm 
(fi) and mho (u) symbols are re¬ 
tained on the chart to distinguish 
between impedance and suscep- 


tance. A 50-ohm impedance is 
used as the normalizing factor 
because this value represents a 
common rf-amplifier load imped¬ 
ance. 

Mapping Technique — The 
matching network can be designed 
or analyzed by use of a network 
map, which is prepared by plot¬ 
ting each component (including 
input and output impedances) on 
the impedance chart. Dual imped¬ 
ance-admittance charts, such as 
that shown in Fig. 305, are avail¬ 
able for this purpose, but the 
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many curves required make these 
charts difficult to read. A more 
practical network map is prepared 
on tracing paper. The tracing pa¬ 
per is placed over either an imped¬ 
ance or an admittance chart to 
trace curves, read values, and com¬ 
pare impedances. Figs. 308 and 
309 show simplified versions of a 
standard impedance chart and a 
standard admittance chart, respec¬ 
tively. The admittance coordi¬ 
nates have the same shape as the 
impedance coordinates except 
that they have been rotated 180 
degrees around the chart. This 
statement can be easily verified 
by superposition of Fig. 308 on 
Fig. 309 with the short and open 


points of one chart aligned with 
the open and short points, respec¬ 
tively, of the other chart. 

The first step in the preparation 
of a network map is to trace the 
perimeter of the impedance chart 
(line of pure R) and those stand¬ 
ard R, G, X, and B curves which 
are absolutely necessary. The 
^‘open^' and the “short” points (or 
the pure R line) should also be 
marked to assist in accurate re¬ 
alignment of the tracing paper. 
The values of components may 
be determined with sufficient ac¬ 
curacy from curves that are 
traced from impedance or admit¬ 
tance charts placed under the 
tracing paper. 



OFFSET - CENTER 


Figure 307. Chart of constant-Q curves. 
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The following numerical exam¬ 
ples illustrate the use of the map¬ 
ping technique in the determina¬ 
tion of the parameters of various 
types of matching networks. 

DETERMINATION OF IN¬ 
PUT IMPEDANCE: Fig, 310 
shows a typical output matching 
network, together with the net¬ 
work map used to determine the 
required input impedance for this 
network. The reactance of each 
component in the matching net¬ 
work is known (from component 
values and operating frequency) 
and the input impedance is to be 
determined. The component reac¬ 
tions are plotted by use of curves 
traced from the Z, Y, and Q charts 
as follows: The output load imped¬ 


ance, 50 ohms normalized to 1 
ohm, is located on the Z chart. 
Next, the series C 2 curve is plotted 
on a constant-R curve through 1 
ohm, as indicated in Fig. 310. The 
series C 2 curve must change the 
reactance by its given value, 100 
ohms normalized to 2 ohms, and 
the required normalized constant 
X = 2 ohms curve is traced from 
the Z chart. The C 2 curve ends at 
point A, where B = 0.04 mho, and 
the shunt L curve begins at this 
point. The shunt inductor has a 
normalized susceptance of 1 mho. 
The curve of this inductor fol¬ 
lows the constant Rp admittance 
coordinate, passes through point 
A, and ends at Bf = Bl — Bj = 
1 - 0.4 = 0.6 mho. (Table XXIV 
summarizes this procedure. It 
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should be remembered that, in 
this case, the curve crosses the 
pure R axis.) This point is labeled 
point B on the network map 
shown in Fig. 310. Similarly, the 
series Ci curve is plotted along 
the constant Rg coordinate, passes 
through point B, and ends at 
Xf =: X, - Xi = 1.5 - 1.5 = 0 
ohms. The normalized value of 
input impedance is read on the 
Z chart as 0.5 ohm. The Q of 
the matching network is read 
from the Q curves at both points 
A and B. The Q is 2 at point A 
and 3 at point B. The higher value 
3 is taken as most representative 
of the network Q. 

DETERMINATION OF NET¬ 
WORK COMPONENTS: In the 
following examples, the graphical 


procedures used in the design of 
four different types of matching 
network are given. For the first 
type, a detailed explanation of the 
graphical procedure is given. For 
the other types, a tabular list of 
the steps required is considered 
sufficient because of the basic 
similarity of the graphical proc¬ 
esses. The network maps for 
these examples show only the 
curves that are required to de¬ 
termine network parameters; all 
other curves are omitted for clar¬ 
ity. (In the examples, component 
curves are plotted as described in 
Table XXIV.) 

1. Design of tapped-C network. 
Fig. 311 shows the circuit con¬ 
figuration and the network map 



Figure 309. Admittance chart. 
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Figure 310. Typical output matching network and network map used to determine 
required input impedance for this network. 


used to determine the component 
values for a tapped-C matching 
network that is required to trans¬ 
form 50 ohms to 20 ohms with a 
Q of 6. The procedures used to 
prepare the network map are as 
follows: 

(a) The normalized input and 
output points (i.e., points 
1 + jOn and point 0.4 + 
jOfl are located on the im¬ 
pedance-chart coordinates. 

(b) The Q = 6 curve is traced 
from the Q chart, Fig. 307. 

(c) The curve for the shunt L 
is traced along the con¬ 


stant Rp = l.Ou curve 
(from the admittance 
chart) from the termina¬ 
tion point 1 + jOn to the 
intersection of this curve 
with the Q = 6 curve. This 
intersection is labeled A 
for further reference. 

(d) A constant Rg curve for 
the series Ci is traced from 
the impedance chart. The 
starting point for this 
curve is point A. 

(e) The curve for the shunt 
C 2 is then traced between 
the termination point 0.4 
+ jOn and the intersection 
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For point A, X = 0.16 ohm 
and B = 6 mho. 

For point B, X = 0.10 ohm 
and B = 9 mho. 

(g) As indicated in Table 
XXIV, normalized reac¬ 
tance values for the shunt 
inductor L, the series ca¬ 
pacitor Cl, and the shunt 
capacitor C 2 are deter¬ 
mined by subtraction of 
the values at the starting 
point of the curves for 
these components from the 
values at the end point of 
these curves. The follow¬ 
ing values are obtained: 
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of this curve with that for 
the series Ci. The intersec¬ 
tion of the Cl and C 2 curves 
is labeled point B. (Al¬ 
though the intersection B 
is determined after the 
curve for the shunt C 2 is 
traced, this intersection is 
considered as the starting 
point for the shunt C 2 
curve.) 

(f) As a routine matter, the 
reactance X and the sus- 
ceptance B values for the 
intersection points A and 
B are determined by means 
of series and parallel 
charts. 



Figure 311. Circuit configuration and network map used to determine the component 
values for a tapped-C matching network. 
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ABl = B (atA) — B (at 1-f-iO^^) 

= 6u — 0 = 6 mhos 

AXci = X (at B) — X (at A) 

= 0.10 - 0.16 = 0.06 ohm 

ABc 2 = B (at 0.4+jolfi) — B (atB) 

= 0 — 9u = 9 mhos 

(h) The actual reactance values 
for L, C, and C 2 can then 
be determined as follows: 

Xl = 50/ABl = 50/6 
= 8.3 ohms 

Xci = 50(AXci) = 50(0.06) 
= 3 ohms 

Xc2 = 50/ABc 2 =50/9 
= 5.5 ohms 

(i) The component values for 
the filter can then be cal¬ 
culated on the basis of the 
reactances and the operat¬ 
ing frequency. 

The detailed step-by-step pro¬ 
cedure given above is summarized 
in Table XXV. For one familiar 
with the basic graphical processes, 
this table provides sufficient in¬ 
formation for the design of the 
filter network. 


An intuitive analysis of the 
tapped-C network indicates that 
the shunt inductor L reduces the 
50-ohm output impedance to the 
value represented by point A on 
the network map and that the 
shunt capacitor C 2 reduces the 
impedance of the 20-ohm input to 
a nearly equal value, as repre¬ 
sented by point B. The series ca¬ 
pacitance Cl makes up the differ¬ 
ence in the reactance of the two 
impedance points A and B and 
provides resonance. The values of 
both capacitors Ci and C 2 must 
be changed together to maintain 
resonance when the input imped¬ 
ance is changed. The Q is deter¬ 
mined by inductor L and the 
50-ohm load impedance. At the in¬ 
put side, the transformation ratio 
is smaller, and the Q must be 
smaller. 

2. Design of pi network. Fig. 
312 shows the circuit configura¬ 
tion and the network map for a 
pi-type matching network re¬ 
quired to transform 50 ohms to 
20 ohms with a Q of 5. The net- 
work-mapping procedures used to 


Table XXV—Procedure for Determining Component Values for 
Tapped-C Matching Network 


Step 

No. 


1 

2 

3 

4 


5 

6 


Component Curves 

INITIAL 

COMPONENT POINT 

Q = 6 

Shunt L (1 -f jO)n 

Series Ci A 

Shunt C 2 B 


FINAL POINT 

AND HOW IT IS DETERMINED 

A, determined by intersection of L and Q = 6 curves 
R. determined by intersection of Ci and C 2 curves 
0.4O -f jon = [20n] 


Intersection Parameter Values from X and Y Charts 
INTERSECTION REACTANCE X 

A 0.16S2 

B 0.10S2 


SUSCEPTANCE B 

6u 

9u 


Computing Component Values 

INITIAL FINAL PARAMETER CHANGE COMPONENT 

COMPONENT POINT POINT (NORMALIZED VALUES) VALUE 

7 Shunt L (1 4 - jO)n A AB = 6 - 0 = 6 u Xl = 50/AB = 8.330 

8 Series Ci A B AX = 0.1 — 0.16 = 0.060 Xci = AX(50) = 30 

9 Shunt C 2 B (0.4 -f j0)O AB = 0 — 9 = 9u Xc 2 = 50/AB = 5.50 
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Table XXVI—Procedure for Determining Component Values for 
Pi Matching Network 


step 

No. Component Curves 


INITIAL 

COMPONENT POINT 

1 0 = 5 

2 Shunt Cl (1 + iO)fi 

3 Series L A 

4 Shunt C 2 B 


FINAL POINT 

AND HOW IT IS DETERMINED 

A, intersection of Ci and 0 = 5 

B, intersection of Ci and C 2 (step 4) 
(0.4 + i0)12 


Intersection Parameter Values 
INTERSECTION SUSCEPTANCE B 

5 A 5u 

6 B 8.3u 


REACTANCE X 

0.19S2 

o.iin 


Compute Component Values 

INITIAL FINAL PARAMETER CHANGE COMPONENT 
COMPONENT POINT POINT (NORMALIZED VALUES) VALUE 

7 Shunt Cl (1 4-10)^2 A AB = 5 - 0 = 5u Xci = 50/AB = m 

8 Series L A B AX = 0.11 + 0.19 = 0.312 Xl = 50(aX) = 1512 

9 Shunt C 2 B (0.4 -f j0)12 AB = 0 - 8.33 = 8.33u Xc 2 = 50/AB = 612 
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determine the component values 
for the pi network are given in 
Table XXVI. 

In the pi matching network, 
the shunt C across the 50-ohm out¬ 
put reduces the output impedance 
to the value represented by point 
A on the network map. The shunt 
capacitor across the 20-ohm input 
reduces the input impedance to 
the nearly equal value represented 
by point B. The Q at the input 
is smaller because the change in 
impedance is less. The series in¬ 
ductor connects the input and out¬ 
put and cancels the reactances of 
the two capacitors. The impedance 


transformation is determined by 
the difference in the input and 
output Q. 

3. Design of lossy-L network. 
Fig. 313 shows the circuit con¬ 
figuration and network map for 
a lossy-L matching network re¬ 
quired to transform 50 ohms to 
10 ohms with a Q of 5. Table 
XXVII gives the graphical pro¬ 
cedure used to determine the 
component values for this net¬ 
work. 

In the lossy-L network, the 
series inductor increases the im¬ 
pedance of the 10-ohm input and 


C2 



Figure 313. Circuit configuration and the network map used to determine the component 
values for a ‘Mossy"-L matching network. 
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Table XXVII—Procedure for Determining Component Values for 
Lossy-L Matching Network 


Component Curves 


Step INITIAL 

No. COMPONENT POINT 

1 Q = 5 

2 Series L 0.212 

3 Shunt Cl A 

4 Series C 2 B 


FINAL POINT 

AND HOW IT IS DETERMINED 

A, intersection of L and Q = 5 curves 

B, intersection of Ci and C 2 curves 
1.012 


Determine Component Values 

INITIAL FINAL 

COMPONENT POINT POINT 


PARAMETER CHANGE COMPONENT 

(NORMALIZED VALUES) VALUE 


L 

Cl 

C2 


0.212 X = 1.0 AX = 1.0 - 0 = 1.012 Xl = 5012 

A. B = 0.96 B, B = 0.395 aB 0.395 - 0.96 = 0.56u Xcl = 89.512 

B. X r=: 2.0 1.0 AX = 0 - 2.0 = 2.012 Xc2 = 10012 


determines the operating Q of the 
network. The series capacitor in¬ 
creases the impedance of the 50- 
ohm output, and the shunt capaci¬ 
tor tunes out the surplus reactance. 
In spite of the large impedance 
transformation (10 to 50 ohms), 
all component values have nearly 
equal impedances (56, 90, and 100 
ohms). These relatively large val¬ 
ues make the components quite 
practical, and are particularly ad¬ 
vantageous for matching into the 
base of a transistor in which the 
impedance is only a few ohms. 

4. Design of network contain¬ 
ing four unspecified components. 
Fig. 314 shows the circuit con¬ 
figuration and network map for a 
matching section required to 
transform a 50-ohm load imped¬ 
ance to 12.5 ohms for the collec¬ 
tor load impedance of a transistor 
amplifier that has a Q of 5. The 
transistor collector has a parallel 
output capacitive reactance of 
250 ohms. This network has four 
unspecified components (L^, L 2 , 
Cl, and C 2 ) and three required 
conditions. The values for only 
three of the components can be 
determined by the graphical tech¬ 
niques; the value of the fourth 
component must be arbitrarily as¬ 
signed. The value of Li is nor¬ 


mally selected so that this compo¬ 
nent is nearly resonant with Cin 
at the operating frequency. In this 
example, however, the value se¬ 
lected for Li is purposely small to 
demonstrate the flexibility in the 
choice. 

The first step in the preparation 
of the map is to plot all known 
and assigned values. The three re¬ 
maining components are then plot¬ 
ted and calculated as in examples 
1, 2, and 3. The graphical pro¬ 
cedures are outlined in Table 
XXVIIL 

This network provides the best 
separation of impedance transfor¬ 
mation, resonance adjustment, and 
operating Q. The components 
and Cin nearly resonate; however, 
perfect resonance is not required. 
The circuit tunes well even for 
large errors in Cin or Lj. The 
capacitor C 2 reduces the 50-ohm 
output impedance to the series re¬ 
sistance required at the input. The 
capacitor C 2 , therefore, is the 
principal loading adjustment for 
the amplifier. The components L 2 
and Cl form a series resonant cir¬ 
cuit which compensates for the 
differences in input and output 
reactances. Inductor Li and the 
12.5-ohm input determine the op¬ 
erating Q relatively independent 
of resonance. The Q, therefore, is 
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Figure 314. Circuit configuration and network map used to determine component vaiues 
for matching network that includes four unspecified components. 


Table XXVIII—Procedure for Determining Component Values for 
Matching Network in Which Four Unspecified Components Are Used 


Step 

No. 

COMPONENT 

INITIAL 

POINT 

FINAL POINT 

AND HOW IT IS OnERMINED 

1 

Shunt Cm (0.25 4- jOjn 

A, determined by given value for XCi. 

2 

Shunt 

Li 

A 

B, determined by assigned value for Xu 

3 

Q = 

5 

— 

— 

4 

Series 

U 

B 

C, determined by intersection of Ls and Q = 5 

5 

Series 

Cl 

C 

D, determined by intersection of Ci and Cs (step 6) 

6 

Shunt 

C 2 

D 

(1 + j0)n 

COMPONENT 

INITIAL 

POINT 

FINAL 

POINT 

PARAMETER CHANGE REACTANCE 

(NORMALIZED VALUES) VALUE 

Cln 


0.2512 

A,B = 0.2u 

AB = 0.20 = 0.2u Xcin = 250n 

Li 


A,B = 0.2u 

B,B 0.6u 

AB = 0.6 + 0.2 = 0.8u Xu = 62.5n 

L 2 


B,X = 0.0412 

C,X = 1.812 

AX = 1.8 - 0.04 = 1.760 Xu = 880 

Cl 


C,X = 1.812 

D,X = 0.4312 

AX = 0.43 - 1.8 = 1.370 Xci = 68.50 

C 2 


D,B = 1.77u 

1.012 

AB = 0 - 1.77 = 1.77u Xu = 28.20 
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rather tightly controlled. Capaci¬ 
tor Cl compensates for the addi¬ 
tional inductor L 2 needed to pro¬ 
vide the proper Q but not needed 
to match the input to the output. 
Therefore, Ci is the resonance ad¬ 
justment, and C 2 is the loading 
adjustment. 

Effect of Component Changes 
in Graphical Design—A particu¬ 
lar advantage of graphical net¬ 
work design is that changes in 
component values can be easily 
evaluated. The pi network in ex¬ 
ample 2 (Fig. 312) was designed 


for an input impedance of 20 
ohms, but it may be changed by 
means of variable components. 
Two components must be varied 
to (1) change the impedance, and 
(2) maintain resonance. For this 
pi network, X^i is increased in 
steps and L is kept constant, as 
shown in Fig. 315. Also shown 
is the Xq 2 required to produce 
resonance, and the resulting Q 
and input impedance. 

It should be noted that the first 
step increase in Xd (35%) 
changes the Q and greatly, but 
requires little change in Xc 2 . The 



Figure 315. Circuit configuration for pi matching network and network map showing 
tuning range for variable components used in this type of matching network. 
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second step increase in X^i (23%) 
changes the Q slightly, changes 
the input very little (8%), but re¬ 
quires a large change in Xc 2 . Any 
further change in Xc 2 makes reso¬ 
nance impossible. 

Transmission-Line 
Matching Techniques 

The network-design techniques 
discussed in the previous sections 
apply largely to lumped-constant 
circuits operated in the vhf and 
uhf ranges. In the uhf and micro¬ 
wave-frequency ranges it may be 
more desirable to use short sec¬ 
tions of transmission lines to 
provide the reactive elements 
needed in the previous discus¬ 
sions. The Smith Chart is gener¬ 
ally used in these determinations 
also. There are many special-case 
conditions which the circuit de¬ 
signer can use without resorting 
to the general transmission-line 
equation or the graphical method 
of the Smith Chart. A few of the 
more useful expressions are pre¬ 
sented in this section. 

Half-Wave Line Sections—Sec¬ 
tions of uniform transmission 
lines which are electrically an 
integral number of half-wave¬ 
lengths (X/2) in length are use¬ 
ful in transferring an impedance 
from one point to another, i.e., 
the terminating impedances on 
the line are equal, or 

Quarter-Wave Line Sections— 

Sections of uniform transmis¬ 
sion lines which are electrically 
a quarter of a wavelength (X/4) 
in length have a number of in¬ 
teresting and useful properties. 
A quarter-wave line which is 
short-circuited at one end pro¬ 
vides a very high impedance at 
the open end. This property can 


be used to provide high resistance 
stub supports for rf structures 
as well as to provide rf-choke 
action for dc bias circuits. 

The quarter-wave lines are 
also useful as an impedance 
transformer between real im¬ 
pedances. The characteristic im¬ 
pedance can be determined as 
follows: 

Z, = (Rs X Rl)i/2 (289) 

where Rg is the source or input 
impedance and Rl is the load or 
output impedance. 

Eighth-Wave Line Sections— 
Eighth-wave (X/8) sections of 
uniform line have additional use¬ 
ful properties. If the eighth-wave 
section of line is terminated in 
a pure resistance, the input im¬ 
pedance will have a magnitude 
equal to the characteristic im¬ 
pedance Zo of the line. Conversely, 
an eighth-wave section of line 
which is terminated in an im¬ 
pedance whose magnitude is 
equal to Z^ must have a real input 
impedance. Therefore, for an 
eighth-wave line section, Zl is 
real if the following relationship 
is valid: 

Z„ = |ZJ= (Rs2 + Xs2)i/2 (290) 

The real impedance Z^ can be 
determined from the Smith Chart 
or by use of the following equa¬ 
tion: 

Zl =-(291) 

1 - 

where R and X are the real and 
imaginary parts, respectively, of 
the complex impedance Zg. 

Tapered Line Section—Quar¬ 
ter-wave or eighth-wave line sec¬ 
tions in which the impedance 
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changes exponentially (or hyper- 
bolically) have additional prop¬ 
erties useful to the circuit de¬ 
signer. These line sections can 
be tapered directly to a desired 
real impedance rather than a 
predetermined impedance as was 
the case for a uniform line. In 
addition, because of the nature 
of the TEM mode of propagation 
in these tapered lines, substan¬ 
tial reductions in effective line 
lengths and increased transfor¬ 
mation bandwidths are possible. 
The design of an amplifier circuit 
at a frequency of 2 GHz is des¬ 
cribed as an example. The dy¬ 
namic input impedance Zij, and 
collector load impedance Zqj^ of 
the transistor to be used are as 
follows: 

Zin = 7.5 -f j 8.0 ohms (291) 
ZcL = 6.5 4- j 33 ohms (292) 

The amplifier uses an air-line in¬ 
put circuit and an air-line out¬ 
put circuit similar to that shown 
in Fig. 316. 



Figure 316. Capacitive-probe-coupled out¬ 
put cavity. 


For the design of the output 
circuit, the optimum characteris¬ 
tic impedance of the output 
line is calculated from Eq. (290) 
to be 31 ohms. The collector load 
impedance Z^-l is normalized as 
follows: 

ZcL' = ZcL/Zo = 0.18 + j0.915 

( 293 ) 


Point Zql' is then located on the 
Smith Chart shown in Fig. 317 
and rotated about the constant- 
VSWR circle toward the load. The 
intersection of the VSWR circle 
and the 1.39 constant-resistance 
circle is denoted as point Zl' (the 
load resistance is assumed to be 
50 ohms and the normalized load 
resistance is, therefore, 1.39 
ohms). At point Zj/, the normal¬ 
ized impedance is given by 

Zl' rzr 1.39 - j 3.3 (294) 

The load impedance Zl is then 
equal to 

Zl==ZoZl' = 36(1.39 ~j 3.3) 

= 50-j 119 ohms (295) 

The line length required to trans¬ 
form the transistor collector load 
impedance from 0.5 ohm to a 
load impedance of 50 ohms 
is determined from Fig. 317 to 
be equal to 0.33 X (where X is 
the wavelength in air). At 2 
GHz, X is equal to 5.9 inches, and 
the length of output line is cal¬ 
culated to be 1.95 inches. A capa¬ 
citive reactance component with 
a value equal to 119 ohms is 
needed to complete the output cir¬ 
cuit, as shown in Fig. 318(a). 

For the design of the input 
circuit, a characteristic impedance 
Zo of 11 ohms is calculated from 
Eq. (290). The input impedance 
Zin is normalized as follows: 

Z,/=(Z,yZJ= 0.68 + 0.725 

(296) 

Point Zin is then located on the 
Smith Chart shown in Fig. 319 
and rotated about the constant- 
VSWR circle toward the genera¬ 
tor to locate the intersection be¬ 
tween the VSWR circle and 
the 4.55-ohm constant-resistance 
circle. (The driving-source imped¬ 
ance is assumed to be 50 ohms 
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Figure 317. Smith-chart admittance plot for design of output transmission-line 

matching section. 
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Figure 318. Input and output transmission 
lines with transmission-line matching sec¬ 
tions added to provide required impedance 
transformation: (a) output line; (b) input 
line using series matching section; (c) in¬ 
put line using series matching section 
foreshortened by reactive elements. 
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and the normalized source imped¬ 
ance is, therefore, 4.55 ohms.) 
However, Fig. 319 shows that 
such an intersection is not pos¬ 
sible and that a more sophisticated 
input circuit is needed. One 
possible circuit employs another 
section of line. For minimum 
VSWR in the added section of 
line, the line length for the 11- 
ohm line must be X/8 or 0.75 inch, 
as discussed previously. This 
point, denoted as Zj' in Fig. 319, 
is equal to 2.5 ohms; the imped¬ 
ance Zi is then 27.4 ohms. The 
characteristic impedance of the 
added line section required to 


transform a resistance of 27.4 
ohms to a 50-ohm source is cal¬ 
culated from Eq. (289) to be 37 
ohms. Such an input circuit is 
shown in Fig. 318(b). Another 
possible input circuit uses added 
reactive elements, as shown in 
Fig. 318(c), to foreshorten the 
additional line section. 

The design of microstripline 
circuits is the same as that de¬ 
scribed for air-line circuits, ex¬ 
cept that the wavelength of the 
line must be modified by a factor 
of l/Ve, where e is the dielectric 
constant of the insulator material 
of the stripline. 



Figure 319. Smith-chart admittance plot used for design of input transmission-line 

matching sections. 
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MARINE RADIO 

Marine radios are used pri¬ 
marily for ship-board communi¬ 
cations involving the safety or 
navigation of the carrying ve¬ 
hicle; citizens-band radios used 
aboard boats are covered in a 
separate section. The term 
"‘radio'', as used here, refers to 
a receiver-transmitter combina¬ 
tion. Telegraphy, disaster and 
emergency radios, public ship com¬ 
munications, or navigation-only 
radios are not discussed. The type 
of radio considered is the type 
normally used on small private 
power boats, which features sim¬ 
ple operation and requires no 
technical operator training. Ra¬ 
dios of this type add to safety of 
the boat because of their ability 
to transmit on distress and calling 
frequencies (2.182 MHz, 156.3 
MHz, and 156.8 MHz) constantly 
monitored by other boats and by 
the Coast Guard. 

Ship-to-ship and ship-to-shore 
communications are permitted 
over certain frequencies assigned 
by the Federal Communications 
Commission and shared by all 
boats; all marine-radio operation 
is regulated by the FCC. These 


regulations concern the granting 
of licenses, assignment of fre¬ 
quencies, technical specifications 
of radio equipment, and allowable 
usage for each frequency. The 
exact regulations depend upon the 
geographic location of the boat, 
its use, and its size. A condensed 
listing of the FCC regulations for 
marine radio, as they affect trans¬ 
mitter design, is given in Table 
XXIX. 

Marine radios are designed to 
operate in either the hf or the vhf 
band. The transmitter for the hf 
band (1.605 to 27.5 MHz) usually 
covers from 2 to 3 MHz in four 
channels with dc input of 25 watts 
(rf output of 12 to 15 watts). 
Higher-power transmitters usu¬ 
ally cover the frequency range 
from 2 to 5 MHz and feature 
more channels. The rest of the 
hf band is covered by special- 
purpose transceivers not usually 
found on private boats. The vhf 
band is not as popular as the hf 
band in marine radio. Because 
of overcrowding on the hf band, 
however, the vhf band is becom¬ 
ing increasingly popular. VHF 
transmitters usually cover the en¬ 
tire vhf band, from 156 to 174 
MHz, and feature frequency-mod¬ 
ulated output. 


Table XXIX—Marine-Radio Transmitter Regulations* 




Band¬ 

Devia¬ 

Frequency 





Required 

Min. 

Frequency 

Modula¬ 

width 

tion 

Accuracy 

Power Output** 

fre¬ 

No. of 

Band 

tion 

kHz 

kHz 

% 

Hz 

Min. 

Max. 

quency 

Channels 

1605 kHz- 

AM 

8.0 

__ 

0.02 

_ 

15 

150 

2182 


1 

2070 kHz 

SSB 

3.5 

— 

— 

50 



400 





2070 kHz- 

AM 

8.0 

— 

0.005 

— 









2080 kHz 

SSB 

3.5 

— 

0.005 

— _ 









2080 kHz- 

AM 

8.0 

— 

0.02 

_ 









3500 kHz 

SSB 

3.5 

— 

— 

50 



> 

f 





4000 kHz- 

AM 

8.0 

_ 

0.005 

_ 



150 





27.5 MHz 

SSB 

3.5 

— 

— 

50 



1000 

> 

f 

> 

f 

156 MHz- 





— 

> 

f 

40 

156.3 

— 

— 

174 MHz 

FM 

40.0 

15 

0.002 

— 


— 

100 

156.8 

— 

— 


* These are not complete specifications and are intended only as a general guide for transmitter 
design. See FCC Rules and Regulations, Part 83. 

** Value depends upon location, ship weight, and ship type. 
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Transistorized equipment of¬ 
fers the advantages of small 
size, ruggedness, and improved 
reliability. In addition, the in¬ 
verter power supply may be 
eliminated because the transmit¬ 
ter can operate directly from the 
13.6 volts available from the 
boat battery. 


Design Problems 

Amplitude modulation in a tran¬ 
sistorized marine-radio transmit¬ 
ter is an important design consid¬ 
eration. The transistor used must 
deliver the peak power required 
for upward modulation. The theo¬ 
retical requirement is for a peak 
envelope power (PEP) of four 
times the cw power at 100-per¬ 
cent modulation. This requirement 
is seldom met, however, for the 
following reasons: the gain of a 
transistor decreases at high peak 
currents, the VcE(sat) increases at 
high peak current, and modulator 
losses rise during upward modu¬ 
lation. A minimum performance 
requirement is set by the FCC at 
75 per cent upward and 100 per 
cent downward for an equivalent 
total modulation specification of 
(100 -I- 75)/2 = 87.5 per cent. 
This specification corresponds to 
a PEP requirement of 3.1 times 
the cw power. 

Marine-radio owners want re¬ 
liable, foolproof radio equipment, 
particularly because it is used in 
times of emergency. The owners/ 
operators, however, generally lack 
technical knowledge and have in¬ 
adequate concern for maintenance. 
Unfortunately, maintenance of the 
vulnerable antenna and transmis¬ 
sion line has a direct effect on the 
performance of the radio. Opti¬ 
mum performance occurs only 


when the transmitter is properly 
loaded. A mismatch causes low 
power output and may cause spu¬ 
rious outputs or oscillation. Even 
more important, antenna and 
transmission-line faults place a 
stress on the transmitter output 
stage and could destroy the tran¬ 
sistor. The best transistors for 
marine-radio transmitters, there¬ 
fore, are those that can withstand 
such load faults without damage. 

The hf-band radio must oper¬ 
ate over a wide frequency range, 
as mentioned previously, usually 
2 to 3 MHz. Because of this rela¬ 
tively low operating frequency 
and broad range, tuning capaci¬ 
tors capable of operating through¬ 
out the range must be large in 
value and, therefore in size. Un¬ 
fortunately, capacitors (and vari¬ 
able inductors) of large value are 
not commercially available, and 
changes in operating frequency 
require the switching of entire 
tuned circuits or the changing of 
taps on coils with simultaneous 
switching to separate sets of ca¬ 
pacitors. The low, wide frequency 
band also complicates antenna de¬ 
sign. Because the antenna only ap¬ 
proximates a constant impedance, 
the load presented to the trans¬ 
mitter may range from 5 to 50 
ohms with a parallel capacitance 
in the ±200-picofarad range. 
The impedance varies with oper¬ 
ating frequency, length of trans¬ 
mission line, and installation. 
Whatever the impedance, the 
tuned circuits in the transmitter 
output stages must match this 
value properly and transform it 
to the optimum load impedance 
for the output transistor. Because 
of this requirement, the tuned- 
circuit components must be ca¬ 
pable of operating over very wide 
frequency ranges. 



296 


RCA Silicon Power Circuits Manual 


VHP FM Transmitter 

New FCC regulations indicate 
that marine-radio communica¬ 
tions will be gradually shifted 
from the 2-to-3-MHz AM band 
into the 156-to-174-MHz FM 
band. These new rulings have 
stimulated an interest in the de¬ 
sign of all-solid-state vhf FM 
transmitters. Although the new 
FCC regulations are not entirely 
firm, they indicate that the maxi¬ 
mum allowable power output for 
such marine-radio transmitters 
shall not exceed 25 watts with 
the provision that a maximum 
power output of 1 watt shall be 
imposed for harbor communica¬ 
tions. 

The new interest in vhf 
FM marine-radio communica¬ 
tions systems has led to the de¬ 
sign of multiplier-amplifier and 


power-amplifier sections of a vhf 
FM transmitter, such as that rep¬ 
resented by the block diagram 
shown in Fig. 320. The circuits 
operate at any frequency in the 
156-to-157.4-MHz marine band 
without necessity of retuning. 
Only a change in the crystal fre¬ 
quency of the exciter section is 
required to change the output 
frequency of the transmitter. 

Multiplier-Amplifier—Fig. 321 
shows a schematic diagram for 
the multiplier-amplifier section 
of the transmitter. This section, 
which consists of three fre¬ 
quency-multiplier stages and a 
power-amplifier stage, can de¬ 
liver a power output of 1 watt 
over the frequency range of 156 
to 157.4 MHz. With the output of 
the power-amplifier stage con¬ 
nected to the antenna (through 


EXCITER 



MULTIPLIER-AMPLIFIER 



POWER AMPLIFIER 



Figure 320. Block diagram of a typical vhf FM marine-band transmitter. 
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0.82 1.2 



OTHERWISE SPECIIflED 
ALL RESISTORS 1/4 W 

Li, La = 10 V 2 turns No. 22 enamel wire, close- OD, shield can V 2 " x V2" x 1"; slug-carbonyl 
wound, 10/32" slug tuned coil forms 15/64" S.F. or equiv. 

OD, shield can V2" x V2" x 1"; slug = It = 2 V 2 turns No. 20 B.T., V 4 " long, close- 

carbonyl S.F. or equiv. wound, 10/32" slug tuned coil forms 15/64" 

Ls, L 4 = 4 V 2 turns No. 22 enamel wire, close- OD, shield can W' x V 2 " x 1"; slug = 

wound, 10/32" slug tuned coil forms 15/64" carbonyl S.F. or equiv. 

OD, shield can V2" x V2" x 1"; slug = Ls = 2 turns No. 20 B.T., 3/16" D, 3/16" long 

carbonyl S.F. or equiv. RFC = 4 turns No. 30 enamel wire, ferrite bead, 

Ls, Le = IV 2 turns No. 20 B.T., W' long, close- Ferroxcube No. 56-590-65/4B or equiv. 
wound, 10/32" slug tuned coil forms 15/64" 

Figure 321. VHF marine-band multiplier-amplifier. 


a low-pass filter), this section 
may be used to provide the 
maximum power output of 1 watt 
specified for harbor communica¬ 
tions. 

Each frequency-m u 11 i p 1 i e r 
stage uses an RCA-40637 tran¬ 
sistor, and the power-output 
stage uses an RCA-40280 tran¬ 
sistor. The 5-milliwatt 13-MHz 
input signal applied to the first 
multiplier stage (tripler) from 
the exciter section of the trans¬ 
mitter is sufficient to saturate 
the multiplier stages; as a re¬ 


sult, any amplitude modulation 
generated in the frequency- 
multiplier stages is eliminated. 
The second and third multiplier 
stages operate as frequency 
doublers. 

Emitter-bias resistors are used 
in the multiplier stages to reduce 
current drain and dissipation in 
the multiplier transistors. The 
coupling between stages is ac¬ 
complished by double-tuned coils 
to achieve maximum rejection of 
unwanted frequencies. The im¬ 
pedance transformation from the 



298 


RCA Silicon Power Circuits Manual 


preceding collector to the fol¬ 
lowing base is made possible 
through the use of a capacitive 
divider, which also forms a part 
of the resonant circuits. Heat 
sinks are not required for the 
first two multiplier transistors. 
The third multiplier and the am¬ 
plifier transistors require fin 
radiators. The output from the 
second doubler is 100 milliwatts 
at 156 MHz. With 100 milliwatts 
into the power-amplifier stage, 
either the ouput to the antenna 
or the input to the power-ampli¬ 
fier section of the transmitter is 
1 watt. 

Power Amplifier—When a 
power output greater than 1 
watt is required, the power- 
amplifier section of the trans¬ 
mitter provides two additional 
stages of power amplification. 
Fg. 322 shows a schematic dia¬ 
gram for the power amplifier. 
This circuit uses an RCA-40281 
transistor in the driver stage 
and an RCA-40282 transistor in 
the output stage. With the 1- 


watt, 156-MHz output from the 
multiplier-amplifier applied to 
the driver stage, the power am¬ 
plifier provides more than 10 
watts of power output. 

CITIZENS-BAND 

TRANSMITTERS 

The Federal Communications 
Commission established the citi¬ 
zens band (CB) with 23 channels 
near 27 MHz and 48 channels near 
465 MHz for business and per¬ 
sonal use. Although many restric¬ 
tions exist on transmitters for 
these bands and on the operating 
procedures, there are few restric¬ 
tions and no technical require¬ 
ments imposed upon the operators. 
As a result, the citizens band has 
become very popular. 

Some of the equipment restric¬ 
tions are listed in Table XXX. 
Most notable of the restrictions is 
the maximum dc input power to 
the final transmitter stage. Many 
restrictions on production quali¬ 
fication, on harmonic interference, 
and on operation are detailed by 


Vcc+ Vcc+ 



Po=11.5W 

z=5oa 
156 MHz 


Cl, C 2 , Cs/ C 4 , Cs, Ce, = Arco 404 or equiv. I 2 , La = V /2 turns No. 20 wire, Va" ID, 3/32" 

Ct, C9 = 0.022 /iF, 25 V long 

Cs, Cio = 1000 pF, ceramic standoff Li = 2 turns No. 18 wire, W' ID, 5/16" long 

Li, Ls = 1 turn No. 20 wire, Va" ID, 3/32" long RFC = 4 turns No. 30 wire, ferrite bead Ferrox- 

cube No. 56-590-65/4B or equiv. 

Figure 322. 156-MHz marine-band power amplifier. 
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Table XXX—FCC Specifications for Citizens-Band Transmitters 


Use 

Classification 

Signaling 

Class C * 

Communications 

Class D * 


Class A* 

Handy-Talky 

Restricted ** 

Radiation 

Device 

Control Model 

Class C * 

Aircraft 

Communications 

Class B^ 


Frequency 

Max DC 
Input 
Power 

5 channels 
26.955-27.255 MHz 

5 W 

27.255 MHz 

30 W 

23 channels 

5 W 

near 27 MHz 

48 channels 

60 W 

462.55-466.45 MHz 
Same band as 

0.1 W 

Class D, but 
not channels 

5 channels 

5 W 

72.08-75.64 MHz 

All Class A 

5 W 

frequencies plus 
465.00 MHz 



Formal 

Other 

License 

Restrictions 

Yes^ 

No Voice 

Yes^ 

No Voice 

Yes^ 

AM or SSB Modulation, 
crystal-controlled 

Yes^ 

No 

AM or SSB 
modulation 


Yes^ 


Type Approval Required. 

Current FCC restrictions detailed in Vol. VI, Part 97 of FCC Regulations. 

Current FCC restrictions detailed in FCC Regulations. 

(These units are not, in fact, CB sets, but share the same frequency band with CB.) 


the FCC in the publications listed. 
Canada also established a citizens 
band with channels common to 
FCC specifications. Other Cana¬ 
dian specifications are different; 
licensing is not reciprocal. 

There are three popular types of 
citizens-band transmitters. The 
most popular type is the 100-milli¬ 
watt hand-held transceiver, which 
usually incorporates small-signal 
transistors. The second type in 
popularity is the “full-5-watt^' set 
designed for maximum operating 
range with from 5 to 23 channels. 
The dc voltage supply used in the 
full-5-watt set is 13.6 volts for 
both fixed and mobile locations. 
The third type of set is hand-held 
and operates on batteries, but has 
a transmitter power capability of 
1 or 2 watts and provides more 
range than the 100-milliwatt sets. 

Extra features are added to 
each type to interest hobbyists. 
For business use, for example, ex¬ 
tra quality is built in. In every 
design, however, cost is very im¬ 


portant because the citizens-band 
market is highly competitive. 

Design Problems 

Amplitude modulation in a 
transistorized citizens-band trans¬ 
mitter is an important design 
consideration. The peak upward- 
modulation power requirement 
must be met by the transistors. 
The theoretical requirement is for 
a PEP of 4 times the cw power. 
This requirement is seldom met 
because of both technical and eco¬ 
nomic reasons. Unfortunately, 
there is no standard for the qual¬ 
ity of the modulation. It has been 
referred to as ‘Talk power'’, al¬ 
though there is no definition for 
this term. The quality of modula¬ 
tion directly influences the range 
and performance of the transmit¬ 
ter. However, good modulation is 
difficult to achieve and is expen¬ 
sive. Because no specification ex¬ 
ists, it is often compromised. 

The citizens-band equipment ap¬ 
peals to non-technical persons who 
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generally assume the equipment 
to be foolproof. A particularly 
dangerous type of mistreatment is 
operation into a mismatched an- 
tenna/transmission-line combina¬ 
tion. This type of operation may 
cause low power output and spu¬ 
rious outputs and oscillations, or 
may destroy transmitter transis¬ 
tors. A mismatched transmitter 
load condition must be evaluated 
carefully. Some transistor manu¬ 
facturers recommend only certain 
transistor types for citizens-band 
AM service. The best transistors 
for citizens-band transmitters can 
withstand any antenna or trans- 
mission-line faults without dam¬ 
age. 

The 23 channels available for 
citizens-band operation at 27 
MHz have close frequency spac¬ 
ing ; consequently, transmitter cir¬ 
cuits that have a moderate loaded 
Q cannot operate at any channel 
without retuning. Harmonic-out¬ 
put specifications are strictly en¬ 
forced by the FCC and require 
extra care in circuit design. Addi¬ 
tional harmonic filtering is re¬ 
quired at the output of the trans¬ 
mitter and usually takes the form 
of a pi-network, low-pass filter. 
Because fundamental-frequency 
oscillators are normally used, 
there is no output below the oper¬ 
ating frequency and no filtering is 
needed below this frequency. 


Design Example and 
Transistor Requirements 

The most popular circuit for 5- 
watt (input) transmitters is one 
that employs three stages. An os¬ 
cillator stage employing a third- 
overtone crystal rated at a dissi¬ 
pation of 2 milliwatts is used to 
establish the frequency. This stage 
drives a class C intermediate am¬ 
plifier which, in turn, drives an 
output stage. The last two stages 
are collector-modulated. A block 
diagram of this arrangement is 
shown in Fig. 323. 

This circuit is popular because 
it uses an economic combination 
of available transistors. The 12- 
volt supply is readily available in 
automobiles and easily generated 
in a base station and, when ampli¬ 
tude-modulated, rises to 24-volt 
peaks. The 12-volt supply is almost 
universally accepted in transis¬ 
torized citizens-band set designs. 

The modulator portion of the 
5-watt transmitter can be oper¬ 
ated in either the class A or the 
class B push-pull mode. The 
class A output type requires con¬ 
tinuous dissipation of approxi¬ 
mately 7 watts in either ‘‘receive” 
or “transmit” operating modes. 
The push-pull class B output 
type draws little power during 
“receive” and “transmit” oper¬ 
ating modes, and almost no power 



Figure 323. Block diagram of a 5>watt (dc input power to final amplifier) citizens-band 

transmitter. 
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during standby. This advantage 
is particularly important in bat¬ 
tery-operated transceivers. The 
class B modulator requires 
smaller heat sinks, but larger 
transformers, than the class A 
type. Each circuit has been used 
in 5-watt CB transmitters. 

The requirements for the tran¬ 
sistors in the circuit of Fig. 323 
were considered when the cir¬ 
cuits were selected; the selec¬ 
tion of the best circuit and the 
selection of the best transistor for 
that circuit are in no way inde¬ 
pendent. The best guide for selec¬ 
tion of a circuit is a comparison 
of the circuits and transistors rec¬ 
ommended by the transistor manu¬ 
facturer. The cost of the transis¬ 
tors greatly affects the cost of the 
circuit; therefore, the transistors 
must be carefully selected. 

The oscillator stage operates at 
the output frequency determined 
by the crystal (i.e., at the third 
harmonic of the crystal). This out¬ 
put frequency must be held con¬ 
stant to within ±0.005 per cent to 
meet FCC requirements. The crys¬ 
tals employed usually have a dis¬ 
sipation limit of 2 milliwatts. The 
dissipation limit is based on eco¬ 
nomic considerations and on the 
loss of frequency accuracy caused 
by increases in dissipation. The 
dissipation limit restricts the 
available 27-MHz power output of 
the oscillator stage. The power 
level is low, and the stage is usu¬ 
ally designed for class A bias to 
assure starting without introduc¬ 
tion of a dissipation problem in 
the transistor. A gain of 17 dB 
can be obtained from low-cost sili¬ 
con transistors. This gain pro¬ 
vides a minimum rf output of 100 
milliwatts from the oscillator. 

The output stage is designed 
for maximum cw power output 


within the FCC limit of 5 watts 
of dc input power. RF output of 
more than 3 watts is typical. The 
output stage must also withstand 
operation into mismatched loads. 
The output stage is required to 
deliver more than 3 watts of out¬ 
put when modulated; a theoretical 
peak envelope power (PEP) of 
four times the 3-watt cw output 
can be obtained at 100-per-cent 
modulation. The four-times capa¬ 
bility is not usually achieved be¬ 
cause of the increase in rf Vgat 
of transistors at high current, the 
decrease in transistor gain at high 
currents, and modulator losses (as 
explained in the general section on 
AM). Although no standards ex¬ 
ist, a PEP of 9 watts, or three 
times the 3-watt cw power (i.e., 
85-per-cent modulation) is con¬ 
sidered good modulation. This 
power is obtained by modulating 
the collector supply voltage of the 
output transistor from a nominal 
value of 12 volts to a peak value 
of 24 volts. Therefore, the output 
transistor must deliver 9 watts at 
27 MHz with a 24-volt supply. The 
requirements for the output tran¬ 
sistor are listed in Table XXXI. 

The intermediate amplifier 
(driver) must make up the dif¬ 
ference between the rf drive re¬ 
quired by the output stage and 
the rf power supplied by the os¬ 
cillator. For the circuit discussed, 
the driver stage must increase the 
oscillator output of 100 milliwatts 
to 1 watt at the modulation peaks; 
this increase corresponds to a 
gain of 10 dB. Unmodulated, the 
required gain is 100 to 400 milli¬ 
watts, or 6 dB. 

Again, the modulation peaks 
dominate transistor requirements. 
It is best to take advantage of the 
high supply voltage available from 
the modulated supply, rather than 
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Table XXXI—CB Transmitter Transistor Requirements 



Oscillator 

Output Amplifier 
Modulated Unmodulated 

intermediate Amplifier 
Modulated Unmodulated 

Operation 

Crystal-Controlled 

Modulated 

RF Amplifier 

Modulated RF Amplifier 


Oscillator 




Designed for 

Min. Crystal Diss. 

Maximum Efficiency 

Efficiency ** 

and Gain 


Max. P.O. (gain) 

(gain **) 



Operating Mode 

Class A required 
for starting 

Class C 


Class C 


Supply Voltage 

12 V* 

24 V* 

12 V* 

24 V* 

12 V* 

Typical Performance 

17 dB min. gain 

9 )N out ** 

min. 3 W out 

1 W 

0.4 W 


2 mW crystal diss. 


max. 5 W in 



Operating Current 

35 mA Typical 


415 mA max. 


75 mA 

Breakdown Voltage 

24 V* 

48 V* 

24 V* 

48 V* 

24 V* 

Mode 

Open base 

Reverse bias *** 

Reverse bias 

*** 

Max. Dissipation 

420 mW 

See Text 




Typ. Dissipation 

250 mW 


2 W 


0.5 W 


* High line and transients must be added. 

** Parameter is compromised to achieve other requirements. 
*** Supplied by rf drive. 


to use the straight 12-volt supply, 
to obtain the required 6-dB gain. 
Thus, modulation of the driver 
reduces the required performance 
of the driver transistor and, in 
addition, reduces circuit cost and 
improves modulation linearity. 
The distortion caused by power 
feedthrough in the output transis¬ 
tor on the downward-modulation 
peaks is severe when a constant 
1-watt drive is used. Modulation 
of the drive to the final amplifier 
causes the output transistor to 
operate at nearly constant gain, 
rather than at constant drive, and 
reduces the feedthrough effect. 
The intermediate amplifier, there¬ 
fore, is modulated and supplies a 
PEP of 1 watt with a 24-volt sup¬ 
ply and a constant 100-milliwatt 
drive. The intermediate amplifier 
is usually operated with reverse 
bias to improve efficiency, pri¬ 
marily because the use of this bias 
mode reduces the dissipation re¬ 
quirements of the transistor and 
the power-output requirements of 
the modulator. The requirements 
for a transistor for the intermedi¬ 
ate amplifier are also listed in 


Table XXXI. 

The modulator circuit must 
supply audio power to the trans¬ 
mitter equal to one-half the dc 
input power. For the transmitter 
circuit described, the dc input 
power is the sum of the input 
power to the output stage (5 
watts) and the input power to the 
intermediate amplifier (12 V X 75 
mA = 90 mW). The audio power 
must be nearly 3 watts to modu¬ 
late the transmitter fully. The 
audio input originates at a micro¬ 
phone. A large amount of audio 
amplification is necessary in the 
small-signal class A stage (micro¬ 
phone amplifier). The microphone 
amplifier is followed by an audio 
power amplifier which must de¬ 
liver audio power of 3 watts. 
Either a class A or a class B 
push-pull audio power amplifier 
may be used. 

The efficiency of a class A out¬ 
put stage approaches 50 per cent 
at full output power. If allowance 
is made for some change in bias 
current and some transformer 
losses, the nominal dissipation is 
approximately 7 watts. The tran- 
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sistor must be capable of with¬ 
standing this dissipation at high 
ambient temperatures (approach¬ 
ing 75°C). The results of calcula¬ 
tions of required thermal resis¬ 
tance for the modulator output 
transistor are given in Table 
XXXII. 


Table XXXII—Modulator Output- 
Transistor Requirements 




Class B 


Class A 

Push-Pull 


Type 

Type 

Designed for 

Class A 

Class B 


Amplifier 

3 W Audio 


3 W Audio 

Output 


Output 


No. of Transistors 

1 

2 

Audio Input Power 

* * 

** 

Supply Voltage 

12 V* 

12 V* 

Operating Current*. 



Peak 

1.0 A 

0.5 A 

Average 

0,5 A 

0.2 A 

Breakdown Voltage 

24 V* 

24 V* 

Mode 

Low 

Reverse 



Bias*** 

Dissipation.* Con¬ 

7 W 

0 

tinuous 



Talk Time 

7 W 

1.5 W each 

Max. Thermal Resis¬ 



tance (Transistor and 
Heat Sink for 75°C 

17°C/W 

125° C/W 


Ambient) 

* High line voltage and transients must be 
added. 

**This parameter is compromised to achieve 
other requirements. 

*** Supplied by audio drive power. 

The peak operating current for 
the output transistor can be cal¬ 
culated as 1 ampere. The gain of 
the circuit may be calculated from 
the characteristics of the transis¬ 
tor selected at a peak current of 
1 ampere and the operating junc¬ 
tion temperature. 

A class B push-pull modulator 
requires two power transistors 
and two transformers, but reduces 
idling current. The idling current 
is only that required to reduce 
cross-over distortion, approxi¬ 
mately 20 milliamperes in each 


transistor. This idling current re¬ 
sults in a dissipation of 13.6 V X 
0.020 A = 0.272 watt in each tran¬ 
sistor. When a signal is present, 
the transistor dissipation rises. 
The peak dissipation occurs at 40 
per cent of the rated output power 
and is equal to 20 per cent of the 
rated output power. For the ex¬ 
ample, the worst-case transistor 
dissipation is 0.272 W + (0.2 x 
3) W, or less than 0.9 watt. It is 
possible, therefore, to use simple 
finned heat sinks and to wire the 
transistors on the printed-circuit 
board. Heat sinks are supplied 
with certain RCA transistors. The 
transistors must handle a peak 
current of 0.5 ampere; gain may 
be calculated on the basis of the 
highest junction temperature ex¬ 
pected with the heat sinks used. 
This gain is usually higher than 
that for the class A circuit. 

In selection of the output trans¬ 
former for the modulator, many 
factors must be considered, not 
the least of which are cost and 
size. The transformer is required 
to match the output impedance of 
the modulator to the speaker used 
for public address and receiver 
service. It must have a winding 
to modulate the transmitter sup¬ 
ply voltage with an impedance of 
Vcc/Idc- The unbalanced direct 
current through this winding can¬ 
not be allowed to saturate the 
transformer. The winding must 
have a low dc resistance to reduce 
the voltage for the rf transistors 
and decrease the upward modula¬ 
tion. The windings driven by the 
modulator transistors must have 
a low dc resistance. An unbal¬ 
anced direct current may also flow 
through this winding. 

A complete circuit design for 
a CB transmitter and modulator 
is shown in Fig. 324. This cir¬ 
cuit uses straight-forward design 
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0.75-1.2 /iH, Q = 100 
La = 14:2% turns No. 22 wire, 

CTC coil form with “green dott’ core, 
0.75-1.2 /iH, Q = 100 


V4" 


L4 = 7 turns No. 22 wire, CTC 
coil form with “green dot" core, 
0.21-0.34 iiH, Q = 140 
RFCi, RFCs = 15 iiH, Miller No. 4624 
or equiv. 


Figure 324. 27-l\/IHz citizens-band transmitter. 


methods and has the following 
features: 

(1) It can be economically pro¬ 
duced. 

(2) The number of tuning com¬ 
ponents is minimized. The rf 
transformers, and L 2 , have 
only ono adjustment, which varies 
both coupling and inductance. 
However, one adjustment cannot 
optimize both resonance and im¬ 
pedance matching. Therefore, the 
transformer turns ratio may have 
to be varied if any other character¬ 
istics are changed. Transformer 
L 2 may be optimized by chang¬ 
ing the values of the 47- and 51- 
picofarad capacitors. 

(3) The output stage is coupled 
to the transmission line and an¬ 
tenna through a double-pi net¬ 
work. This network reduces the 
harmonic output below the 50-dB 
reduction required by the FCC. 
One section of the double-pi net¬ 
work should always be peaked for 
maximum output; the other sec¬ 


tion is adjusted to a limit of 5 
watts dc input to the final ampli¬ 
fier as required by the FCC. 

MOBILE RADIO 

In the United States, three fre¬ 
quency bands have been assigned 
to two-way mobile radio communi¬ 
cations by the Federal Communi¬ 
cations Commission. These fre¬ 
quency bands are 25 to 50 MHz, 
148 to 174 MHz, and 450 to 470 
MHz. The low-frequency band for 
overseas mobile communications 
is 66 to 88 MHz. 

Frequency modulation (FM) is 
practiced in mobile radio com¬ 
munications in the United States 
and most overseas countries. The 
modulation is achieved by phase- 
modulation of the oscillator fre¬ 
quencies (usually the 12th or 18th 
submultiple of the operating fre¬ 
quency). In vhf bands, the fre¬ 
quency deviation is ±5 kHz and 
channel spacing is 25 kHz. In uhf 
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bands, at present, the modulation 
deviation is ±15 kHz and channel 
spacing is 50 kHz. In the United 
Kingdom, AM as well as FM is 
used in mobile communications. 

The minimum mobile-transmit¬ 
ter power-output levels in the 
United States are 50 watts in the 
50-MHz band, 30 watts in the 174- 
MHz band, and 15 watts in the 
470-MHz band. Some of the trans¬ 
mitters used in the United States 
have power-output ratings as high 
as 100 watts. Overseas, power- 
output requirements are much 
more moderate; the most common 
power-output levels are in the 10- 
watt range. 

Cost Considerations 

Today, all-solid-state mobile ra¬ 
dios still cost more than vacuum- 
tube radios that have equivalent 
power-output ratings. However, 
all-solid-state mobile radios permit 
lower operating costs because they 
are relatively maintenance-free. In 
many mobile-radio applications 
(such as in ambulances, police pa¬ 
trol cars, and fire-fighting equip¬ 
ment) where failures cannot be 
evaluated in terms of money, solid- 
state radio equipment is the only 
logical choice. Even in less critical 
services (such as taxicab or truck 
dispatching), down-time on com¬ 
munications equipment is difficult 
to tolerate and is usually costly. 

Transistor Requirements 

The transistors in the rf power 
stages are the heart of every solid- 
state transmitter. In fact, the 
present frequency and power capa¬ 
bilities of these transistors consti¬ 
tute one of the major limitations 
to the advance of new mobile- 
transmitter design. For example. 


one of the basic requirements for 
a good rf power transistor is high 
fT (appreciable current gains at 
high radio frequencies). Other re¬ 
quirements are high power dissipa¬ 
tion and current-handling capabil¬ 
ity. However, these requirements 
are conflicting. Good current-han¬ 
dling capability requires a large 
emitter periphery, while high 
gains at high frequencies require 
that capacitances, and thus emit¬ 
ter area, be minimized. Some 
overlay transistors have emitter 
periphery-to-area ratios of 10 to 
20 mils of emitter edge per square 
mil of emitter area, and 1 to 2 
mils of emitter edge per square 
mil of base area; these transistors 
satisfy the requirements for rf 
power stages very well. 

DC Operating Voltages 

All-solid-state mobile transmit¬ 
ters can be divided into two basic 
types: transmitters that operate 
from 24- to 28-volt collector supply 
voltages, obtained from dc-to-dc 
converters, and transmitters that 
operate directly from the 12-volt 
electrical system of a vehicle. 

Both types have advantages and 
disadvantages. The advantages of 
24- to 28-volt operation include 
higher power gains per stage, 
good transient suppression, and 
fairly simple current and voltage 
limiting. The disadvantages are 
the additional cost of dc-to-dc con¬ 
verters and the somewhat higher 
power consumption and increased 
size of the radio. Direct operation 
from a 12-volt system permits sav¬ 
ings in cost and size, as well as 
higher efficiency. Because 12-volt 
operation produces less gain per 
stage, however, additional rf 
stages are often needed. Transient 
suppression and voltage and cur- 
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rent limiting are also somewhat 
more difficult. 

Because of the two discrete 
voltage ranges used for mobile 
radios, the transistor must be de¬ 
signed specifically for either 24- to 
28-volt operation or 12-volt opera¬ 
tion. Devices designed for 24- to 
28-volt operation have substan¬ 
tially higher collector-breakdown 
voltages. In addition, all elements 
are usually isolated from the case 
to permit access to the emitter. 
The use of an emitter-biasing re¬ 
sistor is of great importance at 
these operating voltages because it 
contributes to good reliability un¬ 
der mismatched load conditions. 
Transistors intended for 12-volt 
operation have very high peak- 
current capability to realize sub¬ 
stantial amounts of rf power at 
low voltage. The emitter electrode 
is usually connected to the case 
internally so that inductance in 
the emitter path and, consequent¬ 
ly, gain degeneration are kept to 
a minimum. If reverse biasing is 
desired in grounded-emitter am¬ 
plifiers, it can be obtained by use 
of a resistor in the base circuit. 


Matching Networks 

The design of high-power, high- 
frequency transistor amplifiers 
presents unique problems. Low op¬ 
erating voltages and relatively 
high power levels result in imped¬ 
ances that become very small and 
circulating rf currents that be¬ 
come very large. For example, if 
an rf power output of 60 watts is 
required from an amplifier operat¬ 
ing directly from a 12-volt supply, 
the collector load impedance to the 
final amplifier must be approxi¬ 
mately 1 ohm. Under these con¬ 
ditions, the peak current can be 


as high as 20 amperes. In view 
of these factors, the well-proven 
vacuum-tube techniques become 
practically useless. Because the 
collector-to-base capacitance of the 
transistor is voltage-dependent, 
the neutralization of large-signal 
transistor amplifiers is imprac¬ 
tical. 

It has been observed that 
large-signal transistor amplifiers 
perform best when the output 
matching circuit presents a high 
impedance to the harmonic cur¬ 
rents generated at the collector. 
The design of such networks was 
discussed previously in the sec¬ 
tion on Network Design. 

Parallel Operation of 
Output Transistors 

In applications that require 
more rf power output than one 
transistor can deliver, two or more 
transistors must be operated in 
parallel. Parallel operation in tran¬ 
sistor circuits is somewhat more 
complex than in vacuum-tube cir¬ 
cuits. The main problem is to 
assure that the load and collector 
currents are shared equally by all 
transistors in the parallel array. 
For this reason, the bases of the 
transistors should not be tied to¬ 
gether directly, but rather should 
be connected through individual 
base-input coils which allow ad¬ 
justment of drive to the individual 
transistors. The collectors of the 
paralleled transistors can be tied 
together directly, as is the usual 
practice in lower-power amplifiers 
operating from 24- to 28-volt sup¬ 
plies, in which collector load im¬ 
pedances are relatively high. For 
best parallel-operation efficiency in 
amplifiers operating from 12-volt 
supplies, where low collector load 
impedances are encountered, the 
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collectors of the transistors should 
be connected through individual 
collector coils. This technique per¬ 
mits parallel operation at higher 
impedance levels. Fig. 325 shows 
a circuit diagram of a 50-MHz 
power amplifier that delivers 60 
watts with 12-volt collector supply 
voltage; this circuit demonstrates 
the techniques described. 

Instabilities in VHF 
Transistor Amplifiers 

In transistor vhf power ampli¬ 
fiers. the most common instabili¬ 


ties occur at frequencies far below 
operating frequency because the 
gain of the transistor increases at 
a rate of approximately 6 dB per 
octave as the frequency decreases. 
For example, a device that has a 
power gain of 5 dB at 174 MHz 
may have a gain of as much as 30 
dB at 10 MHz. With such high 
gain, any kind of stray low-fre¬ 
quency resonant circuits can set 
the circuit into violent oscillation 
and even cause destruction of the 
transistor. 

These low-frequency oscillations 
can be prevented by means of the 



Cl, C3 = 65 — 340 pF 
C2, C4 = 100 — 560 pF 
Ce, Ce, C7 = 1000 pF, feedthru 
Cs, C9, Cio == 1800 pF ceramic 
Cn — 0.2 pF ceramic 
Li, l 2 , Ls = 2 -V 2 turns No. 16 wire, 

V 4 " long 

L 4 , Ls, Le == 3 -V 2 turns No. 18 wire, ^4" 

^6*' long 

Ly, Ls, Lg = 4 turns No. 14 wire, 

V 2 " long 

Lio = ferrite choke, Z = 450 ohms 
Note: For coils Li—Ls, use General Ceramics Co. 

Q 2 material (V 4 " — 28 x Ys") or equiv. 

Figure 325. 50-MHz parallel-transistor power amplifier that delivers 50 watts of output 
power from a 12-volt dc supply. 
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following simple precautions, as 
indicated in Fig. 326: 

(1) Because the base-emitter 
junction is highly capacitive at 
low frequencies, a resonant cir¬ 
cuit can be easily formed with this 
capacitance and the choke RFC. 



Figure 326. Circuit indicating areas where 
simple precautions prevent low-frequency 
oscillations. 


This low-frequency resonant cir¬ 
cuit can be avoided by the replace¬ 
ment of RFC with a low-Q, ferrite- 
type choke or even a wire-wound 
resistor. 

(2) The emitter bypassing 
should be effective not only at 
operating frequencies, but also at 
low frequencies; thus, two bypass¬ 
ing capacitors should be used. One 
of these capacitors should be effec¬ 
tive at operating frequency, and 
the other at low frequencies. 

(3) DC-power wiring should 
have adequate bypassing both at 
operating and low frequencies to 
shunt out stray inductances in the 
wiring. 

(4) Output-matching networks 
should make use of a coil as an 
integral part of matching for feed¬ 
ing dc to the collector. As a rule, 
the inductance of these coils is 
much smaller than that of self¬ 
resonant rf chokes, and thus the 
reactances are lower at low fre¬ 
quencies. 

175-MHz Power Amplifier 

Fig. 327 shows a 175-MHz am¬ 
plifier-chain design that incorpo¬ 


rates the techniques discussed for 
calculating matching networks and 
avoiding low-frequency oscilla¬ 
tions. The amplifier operates from 
a 12-volt collector supply and de¬ 
livers 35 watts at 175 MHz with 
an input of 125 milliwatts. The 
over-all efficiency of the amplifier 
chain is 60 per cent. The first part 
of the amplifier. Fig. 327(a), con¬ 
sists of three stages that provide 
output powers of 1, 4, and 12 
watts from each consecutive stage. 
The second part of the amplifier. 
Fig. 327(b), has only one stage 
consisting of three transistors in 
parallel. This stage delivers 35 
watts of power with a 12-watt rf 
input. 

Reliability 

Mobile-radio application places 
a severe requirement on transis¬ 
tors. The devices must withstand 
the no-load conditions created by 
objects near the transmitting an¬ 
tenna, or a break in the transmis¬ 
sion line anywhere between zero 
and half wave length. Under these 
conditions, the transistors must 
handle not only increased dissipa¬ 
tion, but also sudden energy 
surges that can destroy them in a 
matter of microseconds. 

The development of transmit¬ 
ters immune to these failures is a 
result of a joint effort between 
semiconductor-device and mobile- 
radio manufacturers. To avoid ex¬ 
cessive junction temperatures, the 
equipment manufacturer must se¬ 
lect transistors of sufficiently low 
thermal resistance. If a transistor 
lacks enough dissipation capabil¬ 
ity, two should be used, even 
though one could deliver the re¬ 
quired rf output power. To protect 
the devices under high-ambient- 
temperature operating conditions, 
it is necessary to use adequately 
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Cl = 3.35 pF 

C 2 , Ce, Cio, C 24 = 8.60 pF 
Ca, C 7 , Cii = 0.01 /iF 
C 4 , Cs, C 12 = 1500 pF 
Co, ClO, Cl3, Cl4, C 23 = 

Co = 14 — 150 pF 
Ci5 = 1.5 — 20 pF 
Ci7, C 18 , ClO = 0.2 pF 
C 20 , C 21 , C 22 = 1500 pF 




wire, 



Li = 2 turns No. 

V 4 " long 

L 2 , Ls, Ls = ferrite rf choke, Z = 
ohms 

La, Le, Lu = rf choke, 1 /iH 
L 4 , L 7 = 3 turns No. 16 wire, 

ID, 1 / 4 " long 

Lo = IV 2 turns No. 16 wire, 

ID, long 

Lio = 2 turns No. 16 wire, V 4 " 

5^6" long 

Li 2 , Li 3 , Li4 = 3 V 2 turns No. 16 wire, 

14 " ID, 3'8'' long (slug tuned) 

Li 5 , Lie, Li 7 = 2 turns No. 18 wire, 

Ve" ID, Vs"' long 

Li8, Lio, L 20 = 2 turns No. 18 wire, 

Va" ID, Va" long 

Figure 327. 175-MHz power-amplifier chain 
that delivers 35 watts of power output for 
an input of 125 milliwatts: (a) three-stage 
input section (Pin = 125 mW; Po = 12 W); 

(b) output stage (Pin = 12 W; Po = 35 W). 


12 V 


Po « 35 W 
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sized heat sinks, as well as current 
limiting to prevent excessive junc¬ 
tion temperature rise under mis¬ 
matched load conditions. As an 
added precaution, a thermostat 
can be mounted on the heat sink 
to reduce the transmitter power 
in the event that the temperature 
becomes excessive. 

The protection of transistors 
from instantaneous failure is more 
difficult because the time response 
of current or voltage limiters is 
not fast enough. Biasing the emit¬ 
ters of transistors operating from 
24- to 28-volt supplies helps to pre¬ 
vent this type of failure. Fig. 328 
shows a circuit which is sufficient¬ 
ly fast in response time to protect 
the devices from instantaneous 
energy surges that result from 
mismatched load conditions. This 
circuit operates on the principle 
of reflected power. Under matched 
load conditions, there is no output 
from the VSWR detector. The con¬ 
trol amplifier is saturated, and the 
gain-controlled rf amplifier oper¬ 
ates at maximum gain. For this 
condition, maximum power output 
is obtained from the power ampli¬ 
fier. If a mismatch occurs, a nega¬ 


tive voltage from the VSWR 
bridge brings the control amplifier 
out of saturation and thus reduces 
the gain in the gain-controlled rf 
amplifier. Gain is reduced because 
the base of the rf amplifier be¬ 
comes more negative with respect 
to the emitter, and because the 
unsaturated control amplifier has 
a degenerative effect on the rf 
amplifier. Because the gain of the 
gain-controlled rf amplifier is re¬ 
duced, the drive to the power 
amplifier is decreased to safe 
levels. Once the load mismatch is 
removed, the system returns in¬ 
stantaneously to normal operating 
conditions. 

SINGLE-SIDEBAND 

TRANSMITTERS 

The increase in communication 
traffic, especially in the hf and vhf 
ranges, necessitates more effective 
use of the frequency spectrum so 
that more channels can be as¬ 
signed to a given spectrum. It has 
been shown that one of the more 
efficient methods of communica¬ 
tion is through the use of single¬ 
sideband (SSB) techniques. In the 
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past, the power-amplifier stages of 
an SSB transmitter invariably em¬ 
ployed tubes because of the lack 
of suitable high-frequency power 
transistors. Recent transistor de¬ 
velopments, however, have made 
it feasible and practical to de¬ 
sign and construct all-solid-state 
single-sideband equipment for 
both portable and vehicular ap¬ 
plications. 

Unlike most commercially avail¬ 
able rf power transistors, which 
are normally designed primarily 
for class C operation, an SSB tran¬ 
sistor is designed for linear ap¬ 
plications and should have a flat 
beta curve for low distortion, and 
emitter ballast resistance for 
stability and degeneration. In 
high-power amplifiers, transistor 
junctions experience wide excur¬ 
sions in temperature and a 
means must be provided to sense 
the collector-junction tempera¬ 
ture so that an external circuit 
can be used to provide bias com¬ 
pensation to prevent an exces¬ 
sive shift in operating point and 
to avoid catastrophic device fail¬ 
ure as a result of thermal run¬ 
away. 

Advantages of SSB Transmission 

Single-sideband communication 
systems have many advantages 
over AM and FM systems. In 
areas where reliability of trans¬ 
mission as well as power conserva¬ 
tion are of prime concern, SSB 
transmitters are usually employed. 
The main advantages of SSB oper¬ 
ation include reduced power con¬ 
sumption for effective transmis¬ 
sion, reduced channel width to 
permit more transmitters to be 
operated within a given frequency 
range, and improved signal-to- 
noise ratio. 


In a conventional 100-per-cent 
modulated AM transmitter, two- 
thirds of the total power delivered 
by the power amplifier is at the 
carrier frequency, and contributes 
nothing to the transmission of 
intelligence. The remaining third 
of the total radiated power is dis¬ 
tributed equally between the two 
sidebands. Because both sidebands 
are identical in intelligence con¬ 
tent, the transmission of one side¬ 
band would be sufficient. In AM, 
therefore, only one-sixth of the 
total rf power is fully utilized. In 
an SSB system, no power is trans¬ 
mitted in the suppressed sideband, 
and power in the carrier is greatly 
reduced or eliminated; as a result, 
the dc power requirement is sub¬ 
stantially reduced. In other words, 
for the same dc input power, the 
peak useful output power of an 
SSB transmitter, in which the 
carrier is completely suppressed, 
is theoretically six times that of 
a conventional AM transmitter. 

Another advantage of SSB 
transmission is that elimination 
of one sideband reduces the chan¬ 
nel width required for transmis¬ 
sion to one-half that required for 
AM transmission. Theoretically, 
therefore, two SSB transmitters 
can be operated within a fre¬ 
quency spectrum that is normally 
required for one AM transmitter. 

In a single-sideband system, the 
signal-to-noise power ratio is eight 
times as great as that of a fully 
modulated double-sideband system 
for the same peak power. 

Analysis of SSB Signal 

A single-sideband signal is usu¬ 
ally generated at low level and 
then amplified through a chain of 
linear amplifiers to the desired 
power. The two most commonly 
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used methods of generating side¬ 
band signals are with the filter- 
type generator and the phasing- 
type generator. 

It can be shown mathematically 
that a single-sideband signal is 
derived from an amplitude-modu¬ 
lated wave. If an rf carrier fre¬ 
quency is modulated by an audio 
frequency, the resulting AM wave 
can be expressed by the following 
equation: 

e = Eo (l+m cos 27r fm t) sin 2 t fc t 

= Eo sin 2 t fc t 

-f- m Eo cos 27r fm t sin 27r fc t 

(297) 

in which fj^ is the audio modulat¬ 
ing frequency, f^ is the carrier 
frequency, and m is the per-cent- 
modulation factor. Expansion of 
the last term of this equation into 
functions of sum and difference 
angles by the usual trigonometric 
formulas results in the following 
expression: 

e == Eo sin 2 t fc t 

+ (m Eo/2) sin 2 t (fc+fm) t 
(m Eo/2) sin 2 t (fc— fm) t 

(298) 

This equation contains three 
components, each of which repre¬ 
sents a wave. The first wave, rep¬ 
resented by the term EoSin27rfct, 
is called the carrier. It is present 
with or without modulation and 
maintains a constant average am¬ 
plitude at a frequency f^. The 
other two components of the equa¬ 
tion represent waves that have 
equal amplitude, but frequencies 
above and below the carrier fre¬ 
quency by the amount of the mod¬ 
ulating frequency. These compo¬ 
nents contain identical intelligence 


and are called sideband frequen¬ 
cies. The amplitude of the side¬ 
band frequencies depends on the 
degree of modulation (m). The 
higher the m factor, the greater 
the 'Talk power.'' Because only the 
sidebands transmit intelligence 
and because each sideband is a 
mirror image of the other, it is 
reasonable to assume that if the 
carrier and one sideband are elimi¬ 
nated, the remaining sideband is 
adequate for transmission of in¬ 
telligence. This technique is ap¬ 
plied in single-sideband transmis¬ 
sion. 

As mentioned previously, the 
elimination of one sideband re¬ 
duces the bandwidth required by 
one half. This advantage is not 
fully realized unless the transmit¬ 
ter has the capability to amplify 
a signal linearly without intro¬ 
ducing distortion products. Exces¬ 
sive distortion nullifies the advan¬ 
tage of reduced bandwidth in SSB 
transmission by generating un¬ 
wanted frequencies which occupy 
segments of the spectrum that are 
allocated for other transmitters. 
The main objection to this distor¬ 
tion is not that it seriously affects 
intelligibility of the signal in the 
passband, but that it radiates rf 
energy on both sides of the pass- 
band and interferes with adjacent 
channels. 

Linearity Test 

For an amplifier to be linear, a 
relationship must exist such that 
the output voltage is directly pro¬ 
portional to the input voltage for 
all signal amplitudes. Because a 
single-frequency signal in a per¬ 
fectly linear single-sideband sys¬ 
tem remains unchanged at all 
points in the signal path, the sig¬ 
nal cannot be distinguished from 
a cw signal or from an unmodu- 
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lated carrier of an AM transmit¬ 
ter. To measure the linearity of 
an amplifier, it is necessary to use 
a signal that varies in amplitude. 
In the method commonly used to 
measure nonlinear distortion, two 
sine-wave voltages of different 
frequencies are applied to the am¬ 
plifier input simultaneously, and 
the sum, difference, and various 
combination frequencies that are 
produced by nonlinearities of 
the amplifier are observed. A fre¬ 
quency difference of 1 to 2 kHz is 
used widely for this purpose. A 
typical two-tone signal without 
distortion, as displayed on a spec¬ 
trum analyzer, is shown in Fig. 
329. The resultant signal envelope 
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Figure 329. Frequency spectrum for a 
typical two-tone signal without distortion. 

varies continuously between zero 
and maximum at an audio-fre¬ 
quency rate. When the signals are 
in phase, the peak of the two- 
frequency envelope is limited by 
the voltage and current ratings of 
the transistor to the same power 
rating as that for the single-fre¬ 
quency case. Because the ampli¬ 
tude of each two-tone frequency 
is equal to one-half the cw ampli¬ 
tude under peak power condition, 
the average power of one tone of 
a two-tone signal is one-fourth the 
single-frequency power. For two 
tones, conversely, the PEP rating 
of a single-sideband system is two 
times the average power rating. 

Intermodulation Distortion 

Nonlinearities in an amplifier 
generate intermodulation (IM) 


distortion. The important IM 
products are those close to the 
desired output frequency, which 
occur within the pass band and 
cannot be filtered out by normal 
tuned circuits. If fi and f 2 are the 
two desired output signals, third- 
order IM products take the form 
2fi — fo and 2f2 — fi. The match¬ 
ing third-order terms are 2fi + f 2 
and 2 f 2 -f fi, but these matching 
terms correspond to frequencies 
near the third harmonic output of 
the amplifier and are greatly at¬ 
tenuated by tuned circuits. It is 
important to note that only odd- 
order distortion products appear 
near the fundamental frequency. 
The frequency spectrum shown in 
Fig. 330 illustrates the frequency 
relationship of some distortion 
products to the test signals f^ and 
fo. All such products are either in 
the difference-frequency region or 
in the harmonic regions of the 
original frequencies. Tuned cir¬ 
cuits or filters following the non¬ 
linear elements can effectively re¬ 
move all products generated by the 
even-order components of curva¬ 
ture. Therefore, the second-order 
component that produces the sec¬ 
ond harmonic does not produce 
any distortion in a narrow-band 
SSB linear amplifier. This factor 
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Figure 330. Frequency spectrum showing 
the frequency relationship of some distor¬ 
tion products to two test signals fi and f 2 . 

explains why class AB and class 
B rf amplifiers can be used as 
linear amplifiers in SSB equip¬ 
ment even through the collector- 
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current pulses contain large 
amounts of second-harmonic cur¬ 
rent. In a wideband linear ap¬ 
plication, however, it is possible 
for harmonics of the operating 
frequency to occur within the pass 
band of the output circuit. Biasing 
the output transistor further into 
class AB can greatly reduce the 
undesired harmonics. Operation of 
two transistors in the push-pull 
configuration can also result in 
cancellation of even harmonics in 
the output. 

The signal-to-distortion ratio 
(in dB) is the ratio of the ampli¬ 
tude of one test frequency to the 
amplitude of the strongest dis¬ 
tortion product. A signal-to-dis¬ 
tortion specification of —30 dB 
means that no distortion product 
will exceed this value for a two- 
tone signal level up to the PEP 
rating of the amplifier. A typical 
presentation of IM distortion for 
an RCA developmental transis¬ 
tor at various output-power 
levels is shown in Fig. 331. 
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Figure 331. Typical intermodulation dis¬ 
tortion in an RCA developmental transis¬ 
tor at various output power levels. 

Transistor Requirements 

Most high-frequency power 
transistors are designed for class 
C operation. Forward biasing of 
such devices for class AB oper^ 
ation places them in a region 
where second breakdown may oc¬ 


cur. The susceptibility of a tran¬ 
sistor to second breakdown is 
frequency-dependent. Experimen¬ 
tal results indicate that the higher 
the frequency response of a tran¬ 
sistor, the more severe the second- 
breakdown limitation becomes. 
For an rf power transistor, the 
second-breakdown energy level at 
high voltage (greater than 20 
volts) becomes a small fraction of 
its rated maximum power dissi¬ 
pation. This behavior is one of the 
reasons that vacuum tubes have 
traditionally been used in single¬ 
sideband applications. 

A power transistor designed 
especially for use as a linear am¬ 
plifier is required to perform 
satisfactorily when forward- 
biased for class AB operation, 
as well as to exhibit the desired 
high-frequency response. The 
ability of the transistor to with¬ 
stand second breakdown is im¬ 
proved by subdividing the emit¬ 
ter into many small sites and re- 
sistively ballasting the individual 
sites. An RCA developmental 
transistor designed specifically 
for linear-amplifier service in 
SSB applications has an overlay 
structure with 540 parallel emit¬ 
ter sites, interconnected with 
metal fingers. Current-limiting re¬ 
sistors are placed in series with 
each emitter site between the met- 
alizing and the emitter-to-base 
junction. The SSB developmental 
transistor has a high emitter- 
periphery-to-collector-area and 
-to-emitter-area ratio and thereby 
combines good high-current per¬ 
formance with low capacitance. 

Physically, second breakdown is 
a local thermal-runaway effect in¬ 
duced by severe current concen¬ 
trations. The evidence of the ran¬ 
dom distribution of hot spots over 
the surface of the unit indicates 
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that second breakdown may occur 
anywhere in the transistor. When 
a ballast resistor is used in each 
emitter site, current concentration 
is minimized. Fig. 332 is a sche¬ 
matic representation of the tran¬ 
sistor showing the separate emit¬ 
ters with resistors in series with 



Figure 332. Schematic representation of 
the separate emitter sites in an ''overlay" 
transistor with a resistor connected in 
series with each site. 

each site. The voltage drop across 
each site is expressed by the fol¬ 
lowing equation: 

v = VBE + iere (299) 

Changes in Vbe have an exponen¬ 
tial effect on the emitter current 
ie, as follows: 

ie = is — 1] 

= i, [e(^/kT) (V-ie re) - 1] 
(300) 

This equation indicates that 
when a constant voltage V is ap¬ 
plied across the emitter-to-base 
junction and resistor network, an 
increase in ig at any one site 
causes a rise in the voltage 
drop which, in turn, results in a 
decrease in the current to that 
site, i.e., the exponential term of 
the equation diminishes as the 
quantity (V — igr^) decreases. 
This condition effectively stabil¬ 
izes that region. The addition of 
resistance to the emitters of the 
transistor has a degenerative ef¬ 


fect on the device performance. 
However, if a large number of 
sites are connected in parallel, 
high-value individual resistors 
(r^) can be sustained while a 
small total resistance (Rt) is 
still maintained at the input of 
the transistor, as indicated by the 
following relationship: 

(1/Rt) = (1/rei) + (l/re2) + (l/res) 
+ ... + (l/ren) (301) 

A relatively large value of 
ballast resistance is desirable for 
prevention of second breakdown 
and for improvement of thermal 
stability and linearity of transfer 
characteristics. However, be¬ 
cause ballast resistors are in 
series with the load, excessive 
ballasting can seriously de¬ 
grade the rf performance of the 
transistor. Therefore, in a high- 
frequency power amplifier with 
low supply voltage, the im¬ 
pedance of the emitter resis¬ 
tance can become an appreciable 
portion of the reflected load pre¬ 
sented to the collector and, as a 
result, can limit the power output. 
In determining the proper emitter- 
resistance* value, a compromise 
must be made empirically so that 
sufficient second-breakdown pro¬ 
tection is provided without seri¬ 
ous effects on rf performance. 

The adverse effect of high bal¬ 
last resistance, besides reduced rf 
output power, is the increase in 
saturation voltage. Viewed exter¬ 
nally, the total saturation voltage 
also includes the voltage drop 
across the ballast resistance. This 
additional voltage makes the 
“soft” output characteristics of a 
transistor at high-current even 
softer. As a result, the available 
linear region through which the 
signal can swing is limited. 
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Examination of the relationship 
of IM distortion to power output 
reveals that third-order distortion 
increases at both high and low 
output levels, as shown in Fig. 
331. The inherent decrease in 
beta at high current, which causes 
variation in gain over a large por¬ 
tion of the collector dynamic char¬ 
acteristics, introduces additional 
distortion. The additional distor¬ 
tion is indicated by flattening of 
the peak of the sinusoidal swing. 

The operation of a transistor 
near the saturation region has a 
pronounced effect on third-order 
distortion. All higher odd-order 
distortion products do not seem 
to be affected greatly by transis¬ 
tor operating conditions. The in¬ 
crease in distortion below 20 watts 
PEP can be attributed to lack of 
sufficient collector quiescent cur¬ 
rent. Nonlinearity caused by the 
voltage-current characteristic of 
the base-to-emitter junction af¬ 
fects distortion at low power 
levels. Third-order distortion is 
improved by use of a higher bias 
current, as shown in Fig. 333. 


z 

o 



Figure 333. fntermodulation distortion as 
a function of collector bias current for the 
RCA SSB developmental transistor. 


If collector bias current is set 
too high initially, in an attempt to 
improve linearity at low power- 
output levels, the linear region of 
the collector characteristic is re¬ 


duced. As a result, distortion be¬ 
cause of saturation occurs much 
sooner. The controlling factor in 
determining the proper bias-cur¬ 
rent level is usually the maximum 
distortion that can be tolerated 
at a given power output. For a 
given transistor type, the bias 
point that yields the best compro¬ 
mise between linear performance 
and good collector efficiency must 
be determined experimentally. A 
collector bias current of from 2 to 
20 milliamperes for the RCA 
SSB developmental transistor is 
adequate to deliver 100 watts 
PEP. Fig. 334 shows a curve 
of power output as a function of 
supply voltage with distortion 
maintained at —30 dB. 



COLLECTOR SUPPLY VOLTAGE-V 


Figure 334. Peak envelope power as a 
function of collector supply voltage for 
the RCA SSB developmental transistor. 


Bias Control 

Operation of the transistor in a 
class AB amplifier to improve 
linearity requires the use of a 
positive base voltage for an n-p-n 
silicon transistor. The magnitude 
of the positive voltage must be 
large enough to bias the transistor 
to a point slightly beyond the 
threshold of collector-current con¬ 
duction. The class AB bias condi- 
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tion must be maintained over a 
wide temperature range to pre¬ 
vent an increase in idling current 
to the level at which the transis¬ 
tor can be destroyed as a result of 
thermal runaway and to minimize 
distortion that results from a shift 
in the quiescent point. 

It is particularly difficult to 
maintain the bias current of a 
transistor high-power class AB 
amplifier at a constant level. As 
the drive increases, the dissipa¬ 
tion increases and the junction 
temperature rises. If the conven¬ 
tional biasing technique is em¬ 
ployed (an ac-bypassed emitter 
resistor and a constant voltage 
supply to the base), the varying 
emitter current that results from 
the varying drive changes the 
voltage drop across the emitter 
resistor and causes the bias to 
shift with drive. If a constant- 
current base-bias supply is used, 
the drive power is rectified and 
the bias point is changed. 

The problem of maintaining a 
stable quiescent current is caused 
by a reduction in the Vbe of the 
transistor when the temperature 
rises. The base-to-emitter voltage 
decreases at a rate of approxi¬ 
mately 2 millivolts per °C rise in 
temperature. Unless this condition 
is compensated for (i.e., bias volt¬ 
age made to vary according to the 
Vbe decrease), the transistor is 
destroyed by the thermal effects. 

Bias-point control for the SSB 
developmental transistor is ac¬ 
complished by use of a diode 
placed next to the transistor pel¬ 
let in the same package. The 
cathode of the diode is connected 
internally to the emitter lead. The 
anode of the diode is connected 
to a fourth terminal, as shown in 
Fig. 335. The diode is forward- 
biased between 1 to 5 milliamperes 
to provide a forward-voltage drop 



that is temperature-sensitive. At 
such a low current the diode oper¬ 
ates in the low-conductance region 
where it does not provide the stiff 
voltage necessary for the tran¬ 
sistor bias. In this case, the diode 
acts merely as a thermometer; an 
external amplifier must be used 
for current amplification. Compen¬ 
sation is achieved because the 
diode has approximately the same 
temperature coefficient for its 
forward-voltage drop as does the 
base-emitter junction of the 
transistor. Good tracking is ob¬ 
tained by mounting the diode 
and transistor pellets in the 
same case in very close prox¬ 
imity to minimize any thermal 
time lag. Temperature coefficient 
depends, to a large extent, upon 
the operating current. If the diode 
current can be adjusted so that 
it is approximately equal to the 
base current, good compensation 
can be achieved. The block dia¬ 
gram of a current amplifier that 
uses a low-conductance diode is 
shown in Fig. 336. 
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Figure 336. Block diagram of 30-MHz amplifier that uses a low-conductance diode for 
temperature compensation. 


The schematic diagram of the 
current amplifier is shown in Fig. 
337. The current amplifier em¬ 
ploys a dc differential amplifier. 
The output voltage is the bias 
source for the power transistor. 
The use of a differential ampli¬ 
fier makes the entire amplifier 


relatively insensitive to tempera¬ 
ture variations. Two additional 
stages are used for current am¬ 
plification with negative feed¬ 
back for stability. 

Transistor collector-bias current 
can be adjusted by varying the 
100-ohm potentiometer connected 


♦28 V 



Figure 337. Linear 30-MHz amplifier with temperature-compensating circuit. 
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in series with the temperature- 
compensating diode. The diode 
current established by Rbias 
termines the degree of compensa¬ 
tion. Overcompensation occurs 
when diode current is greater than 
base current. Fig. 338(a) shows 
collector quiescent current, ini¬ 
tially biased at 10 milliamperes, 
as a function of case tempera¬ 
ture. With compensation, the 
transistor is thermally stable 
even for case temperature as high 
as 150°C. Without compensation, 
however, the transistor tends 
toward thermal runaway at a 
case temperature of approxi¬ 
mately 75°C. 

Because both input and output 
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Figure 338. Performance characteristics for 
the 30-MHz amplifier: (a) collector current 
as a function of case temperature with and 
without temperature compensation; (b) out¬ 
put power and intermodulation distortion as 
a function of case temperature. 


are isolated through rf chokes, the 
external circuit provides compen¬ 
sation without degrading the rf 
performance of the power ampli¬ 
fier. Fig. 338(b) shows that no 
appreciable decrease in output 
power nor much increase in the 
third-order IM distortion occurs 
with increasing case tempera¬ 
tures up to To = 120°C. The 
slight decrease in output power 
and the increase in distortion, to¬ 
gether with a decrease in collec¬ 
tor efficiency, can be attributed 
to a rise in rf saturation voltage 
and a decrease in transistor beta 
at high temperature. 

Despite the extra circuit needed 
to achieve temperature stabiliza¬ 
tion, the approach provides a 
practical solution for achieve¬ 
ment of reliable operation of a 
class AB amplifier over a wide 
temperature range. The use of 
a small diode as a temperature¬ 
sensing element offers the fol¬ 
lowing advantages: 

(a) Diode and transistor pel¬ 
lets need not be matched 
for forward-voltage drop. 

(b) Transistor quiescent cur¬ 
rent can be either overcom¬ 
pensated or undercompen¬ 
sated against changes in 
temperature by variation 
of the diode current. 

(c) A diode idling current as 
low as 1 to 5 milliamperes 
can be used. 

(d) Current of less than 50 
milliamperes at 28 volts is 
needed to operate the ex¬ 
ternal compensating cir¬ 
cuit. 


Typical Linear Amplifier 

The common-emitter configura¬ 
tion should be used for the power 
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amplifier because of its stability 
and high power gain. Tuning is 
less critical, and the amplifier is 
less sensitive to variations in 
parameters among transistors. 
The class AB mode is used to ob¬ 
tain low intermodulation distor¬ 
tion. Neither resistive loading nor 
neutralization is used to improve 
linearity because of the resulting 
drastic reduction in power gain; 
furthermore, neutralization is dif¬ 
ficult for large signals because 
parameters such as output capaci¬ 
tance and output and input im¬ 
pedances vary nonlinearly over 
the limits of signal swing. 

Fig. 339 shows a schematic dia¬ 
gram of a narrow-band, high- 
power, 30-MHz amplifier. The am¬ 
plifier provides an output power 
in excess of 100 watts PEP from 
a 28-volt power supply. The im¬ 
pedance of the base-to-emitter 
junction of the RCA SSB develop¬ 
mental transistor in this circuit 
is transformed to 50 ohms to 
match the impedance of the drive 
source. The input circuit to the 
transistor can be represented as 


♦28 V 


1500 pF 



TO OUTPUT OF 
COMPENSATING-.-I 
CIRCUIT 1 

2-TONE 
TEST SIGNAL 

input 

(50 a) Vc 


Cl = Arco 426 or equiv. 

C 2 Arco 427 or eqoiv. 

Cs = 80-480 pF, Arco 469 or equiv. 

Cl = 140-680 pF, Arco 466 or equiv. 

Li = 3 turns No. 14 wire, Vi" ID, Vj' 

L 2 = 3 turns No. 10 wire, Vz" ID, Va' 

Ls = 3 -V 2 turns No. 10 wire, Va'' ID, Vz 


Figure 339. 


long 
long 
long 

Narrow-band, high-power 30- 
MHz amplifier. 


a resistance (r^ji,') in series with 
a capacitance Cj. The input net¬ 


work must tune out the capaci¬ 
tance Cj and must present a pure 
resistive load to the driver. The 
input network is formed by the 
T-network consisting of capaci¬ 
tors Cj and C 2 and inductor Lj. 
The value of Lj is chosen so that 
the inductive reactance is much 
greater than the reactance of Cj. 
Series tuning of the base-to-emit¬ 
ter circuit is obtained by Lj and 
the parallel combination of C 2 
and Cl, together with the capaci¬ 
tance of the driver stage. 

Inductor L 2 in the output cir¬ 
cuit is selected to resonate with 
the transistor output capacitance. 
Capacitors C^ and C 4 and induc¬ 
tor L 3 provide the proper im¬ 
pedance transformation from 50 
ohms to 3.13 ohms at the resonant 
frequency. Base-bias voltage is 
obtained from the output of the 
compensating circuit. If the bias 
voltage is not temperature-com¬ 
pensated, both linearity and col- 
lecter efficiency can be affected. 
When an rf signal is applied to 
the amplifier under high-power 
conditions, the rectifying property 
of the base-to-emitter junction 
charges any capacitance present 
in the base circuit and transistor. 
This charge can alter the bias 
point and reduce the angle of con¬ 
duction; the amplifier then oper¬ 
ates more toward class C, and 
distortion and efficiency are both 
increased. 

In low-power linear amplifiers, 
the use of temperature-compen¬ 
sating circuits is sometimes not 
necessary provided that the tran¬ 
sistor output power is less than 
50 per cent of its maximum cw 
power rating. The RCA-2N5070 
transistor is useful in such appli¬ 
cation. This transistor is speci¬ 
fied for SSB applications without 
temperature compensation as fol¬ 
lows : 
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Frequency = 30 MHz 
Po (PEP) at 28 V = 25 W 
Power Gain = 13 dB (min.) 
Collector Efficiency = 

40 % (min.) 

Fig. 340 shows a 2-to-30-MHz 
wideband linear amplifier that 
uses other types of RCA rf tran¬ 
sistors. At 5 watts (PEP) output, 
IM distortion products are more 
than 40 dB below one tone of a 
two-tone signal. Power gain is 
greater than 40 dB. 


The SSB Developmental 
Transistor 

The RCA SSB developmental 
transistor is mounted in a 
plastic stud package. A dia¬ 
gram of the electrical connec¬ 
tions for this transistor is shown 


in Fig. 336. Typical SSB per¬ 
formance of the transistor for 
—30 dB distortion is tabulated 
below for 30-MHz operation with 
the transistor biased at a quies¬ 
cent collector current of 10 milli- 
amperes: 

P,(PEP) at 28V 90 W 

Power Gain == 13 dB 
Collector Efficiency = 50% 

The effect of forward bias on 
the performance of the transistor 
is illustrated in Fig. 333. The fig¬ 
ure shows an improvement in 
linearity when the transistor bias 
is increased from the threshold 
of collector conduction (class B) 
to a collector quiescent current 
of 25 milliamperes. Biasing the 
transistor further into class AB 
under high output power im¬ 
proves distortion performance 



Ti, T 2 = 18 turns twisted pair. No. 28 enamel Ts = 50 turns No. 30 enamel wire on CF 102 
wire on Qi CF 102 form Qi form 

Figure 340. 2>to-30-MHz linear power amplifier. 
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very slightly. Even though the 
transistor has ballast resistance 
and a temperature-compensating 
diode, care must be used to pre¬ 
vent transistor damage by se¬ 
lecting the minimum quiescent 
collector current to obtain the 
desired low level of distortion at 
the maximum output-power level. 

AIRCRAFT RADIO 

The aircraft radios discussed in 
this section are of the type used 
for communication between the 
pilot and the airport tower. The 
transmitter operates in an AM 
mode on specific channels between 
118 and 136 MHz. Radios of this 
type are regulated by both the 
FCC and the FAA (Federal Aero¬ 
nautics Administration). The 
FCC assigns frequencies to air¬ 
ports and places some require¬ 
ments on the transmitters, par¬ 
ticularly as regards spurious 
radiation and interference. The 
FAA sets minimum requirements 
on radio performance which are 
based on the maximum authorized 
altitudes for the plane, whether 


paying passengers are carried, 
and on the authorization for in¬ 
strument flying. The FAA gives 
a desirable TSO certification to 
radio equipment that satisfies 
their standards of airworthiness. 

The FCC checks aircraft-radio 
transmitter designs for interfer¬ 
ence and other electrical charac¬ 
teristics (as it does all transmit¬ 
ters) . Additional requirements are 
specified for radios intended for 
use by scheduled airlines by a 
corporation supported by the air¬ 
lines themselves. The name of this 
corporation is ARINC (Aeronau¬ 
tical Radio, Inc., 2551 Riva Road, 
Annapolis, Maryland 21401. 

All these specifications combine 
to generate radio-transmitter re¬ 
quirements for different types of 
aircraft, as indicated in Table 
XXXIII. 

Desirable Features 

Because multiple channel use is 
necessary, it is desirable that air¬ 
craft radios have all 360 channels. 
These channels are spaced every 
50 kHz from 118 to 136 MHz, and 


Table XXXIII—Four Popular Aircraft-Radio Transmitters 
(Designs by Aircraft Type*) 


TYPICAL OWNER 

Private Planes 

NO. OF 
ENGINES IN 
AIRCRAFT 

1 

FAA & 
ARINC 
CLASS 

1 

VOLTAGE 

AVAIL¬ 

ABLE 

13 V 

Owner/Pilot 

1 

1 

13 V 

Private/Business 

2 

II 

28 V 

Chartered & 

2-4 

III 

28 V 


Cargo 


TRANS- 

MITTTER 

TYPICAL 



POWER 

POWER 

TRANSMITTER 

(MIN.) 

RANGE 


FEATURES 

1 W 

>1.5 W 

Type 

Low cost, few 


#1 

channels, may be 
portable 

Panel mounted, 

4 W 

>6.0 W 

Type 


#2 

90 or 360 chan¬ 
nels. 


4 W 

6 to > 20 W Type 




#2 


16 W 

>20 W 

Type 

Remote Opera¬ 


#3 

tion, 360 chan¬ 
nels. 


25 W 

30 W 

Type 

Maximum relia- 


#4 bility 


Scheduled 2-4 Ml & 28 V 

Air Lines Jets ARINC 


* This chart is not complete or exact and is not intended to show actual requirements, but merely 
what is typical. Consult FAA for complete requirements. 
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are assigned to specific airports. 
Each must be crystal-controlled. 
Synthesizer techniques are used 
to reduce the number of crystals 
required. 

Simple, foolproof operation is 
necessary because the pilot has 
little time to spare and little in¬ 
terest in adjustments to the radio 
equipment. The frequency settings 
are made by switches that provide 
a digital read-out. “Squelch,’’ 
volume, and on/off controls are 
added. 

Size is important because the 
instrument panel is crowded. On 
large aircraft, the transmitter is 
operated by remote control by 
means of a set of switches on the 
panel. Weight and power drain 
are secondary considerations. 

A primary consideration in all 
aircraft equipment is reliability. 
Spare radios are common in pri¬ 
vate aircraft, and are universal 
in aircraft equipped for instru¬ 
ment flying. The inherent re¬ 
liability of transistorized equip¬ 
ment is a major advantage in 
aircraft radios. 


Design Problems 

Amplitude modulation is an im¬ 
portant design consideration for 
all transistor power amplifiers (as 
explained in the general section 
on AM). Amplitude-modulation 
requirements are set by the TSO 
at a minimum of 85 per cent, 
which corresponds to a PEP of 
3 times the carrier power. Careful 
design is required to meet this 
specification because many factors 
tend to limit the PEP, including 
the decrease in transistor gain at 
high currents, transistor rf 
VoE(sat), and modulator losses. 

The owners and pilots of air¬ 
craft require reliable, foolproof 


operation of their radio equip¬ 
ment. Unfortunately, they are not 
often technically trained and do 
not appreciate the importance of 
proper maintenance of the an¬ 
tenna and the transmission line. 
These vulnerable items directly 
affect the performance of the 
radio because optimum perform¬ 
ance is achieved only when the 
transmission line VSWR is unity. 
With a mismatch (i.e., VSWR 
greater than 1), the power output 
may be low and there may be 
spurious or distorted output. Even 
more important is the fact that 
antenna and transmission-line 
faults stress the transmitter out¬ 
put stage with high voltage-cur- 
rent products and/or high power 
dissipation. These characteristics 
can overstress and destroy a weak 
transistor. The likelihood and the 
drastic effects of a load mismatch 
make the transmitter output tran¬ 
sistor a primary influence on 
equipment reliability and make 
mandatory the selection of a tran¬ 
sistor rugged enough to withstand 
the possible stresses. 

Aircraft radios must cover the 
entire frequency range from 118 
to 136 MHz. The more expensive 
radios cover all 360 channels. This 
18-MHz bandwidth is a major de¬ 
sign challenge which may be met 
by use of either a narrow-band 
step-tuned transmitter or a broad¬ 
band transmitter. 

A narrow-band transmitter is 
mechanically tuned in each stage 
in 18 steps (or more if necessary), 
each covering 1 MHz. A particular 
problem arises in assuring that 
each component is varied in ac¬ 
cordance with its own tuning- 
versus-frequency curve. This tech¬ 
nique requires special cams and 
mechanical linkage. Remote op¬ 
eration of the transmitter re¬ 
quires expensive and complex 
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servo mechanisms. The inherently 
high Q of vacuum-tube circuits 
has forced the development and 
refinement of these techniques to 
produce good aircraft radios. 
Transistors may be used in place 
of tubes in narrow-band trans¬ 
mitter designs that use conven¬ 
tional circuits. 

A broad-band transceiver de¬ 
sign is possible with transistors. 
In a power transistor, the input 
may be considered to consist of 
the base-lead inductance in 
series with r^i/. If is minimized, 
the Q is reduced, and broad-band 
operation is possible. The output- 
circuit Q is less of a problem than 
that of the input. The Q is formed 
by Cob parallel with the load 
impedance presented to the collec¬ 
tor by the tuned circuit. Broad¬ 
band matching circuits between 
amplifier stages commonly use 
ferrite-core transformers of the 
transmission-line type (balun). 

The use of broad-band ampli¬ 
fiers permits the largest portion 
of the transmitter to be remotely 
located without the need for ex¬ 
pensive and complex servo tuning 
mechanisms. This feature is a 
great advantage in larger air¬ 
craft. 

One problem encountered with 
a broad-band amplifier is reduc¬ 
tion of harmonic output. Har¬ 
monics originate in the class C 
operating mode because of the 
nonlinear characteristics of tran¬ 
sistors. These nonlinear character¬ 
istics, particularly the voltage 
sensitivity of 0^^ cause subhar- 
monic-frequency generation as 
well as harmonic-frequency gen¬ 
eration. The wide-band gain also 
increases the possibility of oscil¬ 
lation if any feedback exists. This 
condition is further intensified by 
the use of high-gain transistors or 


by excessive over-all gain. 

The amount of harmonic output 
and transmitted interference per¬ 
mitted is rigidly specified by the 
FCC. A broad-band, band-pass fil¬ 
ter should be added, therefore, 
after the transmitter. 


Design Example 

The design considerations for 
an aircraft-radio transmitter are 
illustrated by an example. The ex¬ 
ample is a popular transmitter 
which meets the requirements for 
privately owned single-engine air¬ 
craft. This transmitter is de¬ 
signed to provide a minimum 
output of 6 watts at a modulation 
of 85 per cent and to operate 
from the 12-volt airplane battery 
without converters. It is small 
enough to be mounted on the in¬ 
strument panel. 

Transmitters smaller than the 
one in the example are readily 
designed by removal of the high- 
power stage. Transmitters larger 
than the example have a much 
higher cost factor (rf-watt-output 
per dollar), and have smaller 
markets. However, they can be de¬ 
signed by use of the same tech¬ 
niques as those set forth in the 
example. 

The design begins with the out¬ 
put stage and moves toward the 
crystal oscillators. The oscillators 
are not discussed in this section 
because they are low-power types 
and are not limited by the per¬ 
formance of available transistors. 
A block diagram of the transmit¬ 
ter is shown in Fig. 341. 

The output stage of the trans¬ 
mitter is critical. It handles the 
most power, costs the most, and 
must be capable of accepting a 
load mismatch. The output power 
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PEP-18 W 
MIN 


FREQUENCY 

0.1 W 

PRE-DRIVER 

PEP » 0.7 W 
CW*0.5 W 

DRIVER 

PEP*5W 
CW=2 W 

OUTPUT 

CW«6 W 
MIN 

SYNTHESIZER 


STAGE 


STAGE 

w 

STAGE 

-1^ 




12 V SUPPLY 12 V SUPPLY 12 V SUPPLY 

(UP MOD) (MOD) (MOD) 


Figure 341. Block diagram of transmitter designed to deliver a minimum of 6 watts of 
rf power at 85-per-cent modulation for operation from a 12-volt airplane battery without 

converters. 


for the transmitter is a minimum 
of 6 watts cw with a 12-volt sup¬ 
ply (13.6 volts minus modulator 
and other voltage drops). The 
most important requirement is 
for upward modulation to a 
theoretical limit of 4 times the 
carrier power output, which cor¬ 
responds to 24 watts PEP. FAA 
specifies 85 per cent minimum 
modulation, which is equivalent to 
18 watts PEP. The limit of 24 
watts is not achieved, however, be¬ 
cause of the reduction in transis¬ 
tor gain at high currents, transis¬ 
tor rf VcE(sat), and modulator 
losses. 

The output transistor must de¬ 
liver the required PEP; it must 
also withstand a mismatched load 
(transmission lines and antenna). 
The severity of the load mismatch 
is increased with any increases in 


PEP, supply voltage, and/or am¬ 
bient temperature. The severity 
of the mismatch is limited by any 
transmission-line and harmonic- 
filter losses (at high VSWR), by 
power-supply limiting, and by the 
energy stored in the modulation 
transformer. Therefore, a true 
test of the ability of the transis¬ 
tor to withstand load mismatch 
can be made only in a completed 
transmitter. The completed trans¬ 
mitter must also be tested for 
stability and interference output 
with a mismatched load. Before 
the transmitter is completed, the 
best guide to load-mismatch capa¬ 
bility of transistors is the tran¬ 
sistor manufacturer. 

The requirements for the out¬ 
put transistor used in the trans¬ 
mitter are given in Table XXXIV. 
It should be noted that gain is 


Table XXXIV—RF Transistor Requirements 



OUTPUT STAGE 

DRIVER STAGE 

PREDRIVER STAGE 

Operation 

Modulated RF Amp. 

Modulated RF Amp. 

Modulated RF Amp. 

Drive 

Antenna 

Output Stage 

Driver Stage 

Designed for 

Max P.O. From Transistor 

P.O. 

Gain 


At 24 V 

Gain Linearity 

Pre-Distortion 


(Gain**) 

Load-Mismatch Capability 




Supply Voltage 

12 V* 24 V* 

12 V* 24 V* 

12 V* 

24 V* 

Typical Performance 

eWMin. 18 W Min. PEP 

8WTyp. 24WTyp. 

2W 7W 

0.5 W 

IWPEP 

Operating Current 

0.7 A 

0.25 A 

0.1 A 


Breakdown Voltage 

24 V* 48 V* 

24 V* 48 V* 

24 V* 

48 V* 

Mode 

Reverse Bias*** 

Reverse Bias*** 

Reverse Bias*** 

Dissipation 

See Text 

IW 1.5 W 




* High supply-voltage limit and transients must be added. 

** This parameter is sacrificed to achieve other requirements. 
*** Supplied by rf drive 
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of secondary importance as com¬ 
pared to power output and load- 
mismatch capability. The gain 
achieved in this example is only 
about 2.6 times the carrier power 
output, or 4.1 dB. As a result, 
drive power of 7 watts peak must 
be delivered by a modulated driver 
transistor. 

The driver transistor must de¬ 
liver a PEP of 7 watts with a peak 
supply voltage of 24 volts, and 
a cw power of 2 watts at 12 volts. 
These values yield a PEP-to-cw 
power ratio for the driver transis¬ 
tor of 7:2, which is greater than 
that for the output transistor 
(8:6) and requires the use of 
smaller peak currents relative to 
the maximum rating. Modulation 
of this stage has three important 
advantages: (1) it reduces the 
over-all modulation distortion; 
(2) it reduces the dissipation re¬ 
quirement of the driver transis¬ 
tor; and (3) it reduces rf drive 
to the output transistor on the 
downward modulation and thus 
reduces the feedthrough power 
which tends to distort downward- 
modulation peaks. 

The predriver stage is a class 
C power stage which must gener¬ 
ate cw power of 0.5 watt and a 
PEP of 1 watt. This stage is also 
modulated and has a constant 
drive power. Modulation of this 
stage reduces the dissipation re¬ 
quirement, but can cause distor¬ 
tion problems. Modulation of more 
than two stages distorts down¬ 
ward modulation because transis¬ 
tors exhibit a threshold effect. At 
low supply voltages, the gain and 
power output decrease very 
rapidly. This decrease causes a 
“notching'' in the audio wave¬ 
form and zero rf power output if 
more than two stages are modu¬ 
lated. If only two stages are modu¬ 


lated, the feedthrough power 
prevents complete cutoff of the 
transistors. 

Both improved upward modula¬ 
tion and undegraded downward 
modulation may be achieved si¬ 
multaneously if only up-modula¬ 
tion is used in the pre-driver 
stages. This purposeful distortion 
partially compensates for the 
nonlinear (gain-current) charac¬ 
teristic of the transistor, and is 
swamped out and undetectable if 
two fully modulated stages follow 
the distorted stages. 

The gain of the pre-driver stage 
is usually high because the operat¬ 
ing currents are small. A constant 
drive power of 100 milliwatts is 
needed. This power level is avail¬ 
able from the frequency synthe¬ 
sizer (channel selector). 

The actual circuit design for a 
narrow-band transmitter follows 
conventional techniques, as de¬ 
scribed above. The completed de¬ 
sign for the example is shown in 
Fig. 342. The transmitter requires 
a good-size modulator capable of 
delivering an audio power equal 
to half the total dc input power to 
the transmitter. For a 6-watt 
transmitter, the dc power input 
is approximately 12 watts, and a 
full 6 watts of audio power is re¬ 
quired. 

Four combinations of modula¬ 
tors and power supplies are listed 
in Table XXXV, together with 
the advantages and disadvantages 
of each. For aircraft radios, each 
combination should be considered 
along with the other features 
planned for the radio (e.g., mul¬ 
tiple voltages, remote operation, 
size, and weight). Only two modu¬ 
lator designs are included in the 
table. 

The series modulator uses one 
transistor to reduce an input sup- 



High-Frequency Power Amplifiers 


327 


RCA 



Ls = wire-wound resistor, R =: 2.4 ohms SR = 1N2858A 

Figure 342. 35-MHz, 6-watt, narrow-band amplitude-modulated transmitter. 


ply voltage of 28 volts to 12 volts, 
and to modulate this voltage. The 
input voltage must exceed the 
peak modulated supply voltage for 
the transmitter. The dissipation 
of the modulator transistor is 
maximum when there is no modu¬ 
lation. The dissipation then is 
equal to the transmitter operat¬ 
ing current times the difference 
between the input voltage and the 
unmodulated output voltage. This 
dissipation must exceed the un¬ 
modulated dc power input to the 


transmitter. For the example, the 
peak dissipation would be (1 am¬ 
pere) (28-12) = 16 watts. The 
worst-case dissipation occurs with 
maximum input voltage. 

The size and weight of the heat 
sink for the modulator transistor 
is balanced by the elimination of 
the modulator transformer. Elimi¬ 
nation of this transformer allows 
the use of simple feedback to re¬ 
duce distortion. 

The elimination of supply-volt- 
age transients from the 13-volt 


Table XXXV—Modulator and Power-Supply Combinations for 

Aircraft Radio 






Passive 

Type of 



Active 

Transient 

Power Supply 

Inverter 

None 

Limiter 

Limiter 

Min. Input Voltage 

12 V 

25 V 

13.6 V 

13.6 V 

Output Voltage 

30 V 4- Transients 

25 V 4- Transients' 

13 V 

13.5 V 

Type of Modulator 

Series-Type Class A 

Transformer-Type 




Push-Pull 

Class B 

Main Advantage 

Excellent Transient 

Excellent Transient 

Low Loss 

Simplicity 


Limit 

Limit, 





Low Cost 



Other Advantages 

Light-Weight Trans- 

Light Weight 

No Inverter 

No Inverter 


formers (High Freq.) No Transformers 

No Inverter 

No Inverter 


Convertible To Any 


Noise or 

Noise or 


Supply Voltage 


Hash 

Hash 


Low Distortion 

Low Distortion 

Small Heat 

Small Heat 




Sinks 

Sinks 

Disadvantages 

Expensive, Large 

Large Heat Sinks 

Large Trans¬ 

Large Trans¬ 


Heat Sinks 


formers 

formers 




(Audio) 

(Audio) 
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internal supply results directly 
from the feedback used to reduce 
modulator distortion. It is neces¬ 
sary only that the series transis¬ 
tor have a breakdown voltage 
greater than any expected tran¬ 
sient, and a pulsed-power capabil¬ 
ity to absorb the transient. 

The transformer type of modu¬ 
lator usually employs a push-pull 
class B circuit. This type of oper¬ 
ation requires two transistors, but 
produces an efficient modulator 
that has low transistor dissipa¬ 
tion. The total transistor dissipa¬ 
tion is a maximum of 40 per cent 
of the designed output power, 
or 2.4 watts for the example. This 
dissipation occurs when the modu¬ 
lator output is 40 per cent of the 
maximum. 

The modulation transformer 
must be rather large to meet all 
its requirements. The resistance 
of the windings must be low, or 
the modulated performance of the 
transmitter is degraded. The out¬ 
put winding matches an imped¬ 
ance of Vcc/Idc — 12/1 = 12 
ohms for this example. An unbal¬ 
anced dc current equal to Idc (the 
transmitter operating current) 
flows through this winding. This 
current may rise if there is a 
mismatch in the output of the 
transmitter; there should be a 
25-per cent power-output margin 
designed into the transformer. 

Fig. 343 shows a block diagram 
and Fig. 344 shows the circuit 
schematic of another aircraft 
transmitter. This transmitter 


operates over the frequency 
range from 118 to 136 MHz and 
requires no retuning to cover 
the entire band. The push-pull 
output stage in this broadband 
transmitter delivers 40 watts of 
peak envelope power. The first 
stage of the four-stage chain is 
operated as a class A amplifier 
to produce a maximum amount 
of amplification of the relatively 
low output from the frequency 
synthesizer and to provide iso¬ 
lation between synthesizer and 
modulated stages. The remain¬ 
ing three stages of the transmit¬ 
ter operate class C, and all are 
amplitude-modulated. The nomi¬ 
nal supply voltage for the trans¬ 
mitter is 12.5 volts. 


COMMUNITY-ANTENNA 

TELEVISION 

Community-antenna television 
systems (CATV) have experi¬ 
enced rapid growth in the last 
decade. These systems serve areas 
in which conventional antennas do 
not provide adequate television re¬ 
ception. The basic equipment con¬ 
sists of a “head-end'^ that picks 
up the off-air signals, and the dis¬ 
tribution system that delivers the 
signals to the subscriber's tele¬ 
vision receiver. The central an¬ 
tenna is erected at the most ad¬ 
vantageous site for best reception; 
in remote locations, program re¬ 
ception is usually accomplished by 
means of microwave relays. 



125V 125V 125V 125V 

(UP MOD) (UP MOD) (MOD) 


Figure 343. Block diagram of broadband 118-to-136-MHz Aircraft Transmitter. 
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Cl = 330 pF, Arco S.M. or equiv, 

C 2 = 0.005 ii?, ceramic 

Cs, C 4 , Cs, Cs, Cii, Ci 7 = 1000 pF, feedthro 

Ce, Co, C 12 , C 18 = 0.05 /iF, ceramic 

C 7 = 50 pF, 5%, Arco S.M., or equiv. 

Cio, C 13 , Ci5 = 82 pF, 5%, Arco S.M., or equiv. 
Ci4, C 16 , Ci9 = 150 pF, 5%, Arco S.M., or equiv. 
C 20 = Variable capacitor, 8-to-60 pF, Arco 404 
or equiv. 

Li = 7 turns No. 22 wire, 13/64" ID, 9/16" long, 
tapped at 1.5 turns 


Figure 344. 118-to-136-MHz 


L 2 = 5 V 2 turns No. 22 wire, 13/64" ID, close 
wound, tapped at 2 turns 
Ls — 6 turns No. 22 wire, 13/64" ID, interwind 
with Li on IRN-9 core material 
Lt = 4 turns No. 22 wire, 13/64" ID, interwind 
with L 3 on IRN-9 core material 
Ls = 5 turns No. 22 wire, 13/64" ID, center- 
tapped, interwind with Le 
Lg = 5 turns No. 22 wire, 13/64" ID, interwind 
with Ls 

RFC = 1 turn No. 28 wire, ferrite bead, Ferrox- 
cube No. 56-590-65/4B or equiv. 

and amplifier for aircraft radio. 


The distribution system has 
two major parts: the main trans¬ 
mission or ^‘trunk'' line, and the 
distribution or “feeder’" line. The 
main trunk line consists of low- 
loss coaxial cable with main trunk 
amplifiers spaced along the cable. 
Bridger amplifiers are used to 
provide several outputs to the 
feeder lines from which signals 
are tapped oif to individual sub¬ 
scribers. The backbone of the dis¬ 
tribution system is the wide-band 
amplifier. 


System Operation 

Fig. 345 shows a simplified 
block diagram of a CATV sys¬ 
tem in which the TV signals are 
received directly off the air (no 
microwave relay). Elaborate ar¬ 
rays of stacked antenna elements 


in conjunction with narrow-band 
preamplifiers are used to receive 
signals in each channel; the sig¬ 
nals are then fed into a combining 
network. The combined multichan¬ 
nel signal is then fed into the 
main trunk line, which brings the 
signal from the antenna into the 
community. The trunk line consists 
of wide-band amplifiers spaced 
along a 75-ohm coaxial cable. The 
gain of each amplifier is adjusted 
to compensate for cable losses and 
attenuation characteristics. Typi¬ 
cal trunk-line amplifier spacing is 
of the order of 2500 feet. At vari¬ 
ous points along the trunk line, 
signals are supplied to the feeder 
lines by bridger amplifiers. A 
bridger amplifier provides several 
outputs to the feeder lines from 
which signals are tapped off to in¬ 
dividual subscribers. One or more 
line-extender amplifiers may be 
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SINGLE-CHANNEL 
ANTENNA—AMPLIFIER 



Figure 345. Simplified community-antenna Television (CATV) system. 


placed along each feeder line, de- presently used between trunk am¬ 
pending upon its length and the plifiers is 25-dB cable length at 
number of subscribers. channel 13. The gain of the trunk 


Amplifier Requirements 

The first requirement for CATV 
wide-band amplifiers is large 
bandwidth. The amplifiers should 
be able to cover the entire tele¬ 
vision band, from 54 to 216 MHz. 

The next major consideration 
for a CATV wide-band amplifier 
is the required gain. The attenua¬ 
tion characteristic of a coaxial 
cable is a function of frequency; 
the cable losses increase loga¬ 
rithmically, as shown in Fig. 346. 
Typical loss is 0.4 dB per 100 feet 
at channel 2, and 1 dB per 100 
feet at channel 13. The spacing 



Figure 346. Attenuation characteristics of 
a coaxial cable as a function of frequency. 


amplifier operating at this spac¬ 
ing, therefore, should be 25 dB 
at 216 MHz. In addition, such an 
amplifier must be compensated for 
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cable-attenuation differences at 
each channel by controllable “slop'' 
or “tilt." The amplifier gain must 
be higher at the high end of the 
band than at the low end. The 
gain of a bridger amplifier is 
somewhat lower than that of the 
wide-band amplifier (about 18 
dB). These amplifiers usually con¬ 
tain 2 to 4 stages of individual 
amplification, depending on the 
gain requirement. 

The final requirement is for 
output power or voltage, which is 
determined by the distortion and 
signal-to-noise-ratio requirements. 
If the level of power or voltage is 
too high, overloading and inter¬ 
ference between channels occur; 
if the level is too low, the signal- 
to-noise ratio decreases. The most 
serious distortion is cross-modu¬ 
lation, which is also referred to as 
“windshield-wiper" effect. Cross¬ 
modulation results when several 
channels are passing through a 
wide-band amplifier. The modula¬ 
tion of undesired interfering sig¬ 
nals appears as modulation of the 
desired signal. The permissible 
cross-modulation level is 57 dB 
below the operating output-voltage 
level in an all-band CATV ampli¬ 
fier. 

“Snowy" pictures can be 
avoided if the signal at any point 
in a system is made strong enough 
to over-ride the noise. This rela¬ 
tion is expressed by the signal-to- 
noise-ratio. The required ratios 
for various grades of picture qual¬ 
ity have been determined as fol¬ 
lows : 45 dB for excellent picture 
(no perceptible snow), 36 dB for 
fine picture (snow just percep¬ 
tible) , and 29 dB for passable pic¬ 
ture (snow definitely perceptible 
but not objectionable). The sig- 
nal-to-noise ratio always decreases 
when a signal passes through an 
amplifier. The difference between 


the input signal-to-noise ratio in 
dB and the output signal-to-noise 
ratio in dB is defined as the noise 
figure in dB. Noise figure, there¬ 
fore, is the measure of degrada¬ 
tion of signal-to-noise ratio in an 
amplifier. The noise figure in a 
CATV cascaded system increases 
3 dB each time the length of the 
system is doubled; the signal-to- 
noise ratio decreases 3 dB under 
the same condition. 

Some current, typical require¬ 
ments for trunk-line amplifiers to 
be used in a CATV cascaded sys¬ 
tem are as follows: 

Bandwidth- 

= 54 to 216 MHz 
Input Operating Level 
= 10 dBmV 
Output Operating Level 
= 35 dBmV 

Maximum Output Capability 
= 50 to 55 dBmV 

Gain 

= 25 dB 
Response 

It 1 dB over the band 
Noise Figure 

= 12 dB at channel 13 
= 8 dB at channel 2 

Tilt 

= 12 dB over the 
frequency range 
Voltage Available 

= 30 V (+ 15V and -15V) 

These performance specifications 
must be met in outdoor tempera¬ 
tures ranging from —40 to 140°F. 


Transistor Wide-band 
Amplifier 

The gain-bandwidth product of 
a transistor connected in a com¬ 
mon-emitter configuration is equal 
to fT. Thus, the bandwidths of an 
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uncompensated common-emitter 
amplifier stage may be expressed 
as follows: 

BW = fT/bfe = tr (l---ao)/«o (302) 

where hfe is the low-frequency 
common-emitter current gain of 
the transistor and ao is the low- 
frequency common-base current 
gain. Eq. (302) dictates the 
bandwidth of a transistor ampli¬ 
fier stage if the source impedance 
is large and if the load impedance 
is small compared to the output 
impedance of the transistor. In 
practice, the load and source im¬ 
pedance are such that the band¬ 
width of the actual amplifier is 
smaller than the value deter¬ 
mined from Eq. (302). Fig. 347 
shows a common-emitter transis¬ 
tor amplifier in which El is the 
load resistance and Eg the source 
resistance. The transistor can be 
represented by its hybrid-pi 
equivalent circuit, shown in Fig. 
348(a), in which parasitics are 
not included. One difficulty with 
the circuit of Fig. 348(a) is the 
capacitance Cc, which prevents 



Figure 347. Common-emitter transistor 
amplifier. 


the circuit from being unilateral. 
The effect of Cc may be approxi¬ 
mated by connecting a “Miller- 
effect” capacitance Ceq equal in 
value to Cc (1 + a:o Ej^/re') from 
point b' to ground and omitting 
the capacitance Cc entirely. The 
resulting equivalent circuit is 
shown in Fig. 348(b). Because, in 
general, >> 

ao ^ 1, the value for Ceq is con¬ 
veniently approximated by 

Ceq^(l/Wt reO (1+Wt Cc El) (303) 

With the aid of the simplified cir¬ 
cuit of Fig. 348(b), the following 
equations for the gain and band- 



(b) 

Figure 348. Equivalent circuits for common-emitter amplifier shown in Fig. 347: (a) with¬ 
out parasitic elements; (b) simplified equivalent circuit. 
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width of the amplifier are de¬ 
rived : 

Gain = — 

Vg 

_ ap RL _”1 

(Rg+PbO (l—^o) + TeO 

_ 1 _ 

1 1 -i- P (Rg+rbO re' Ceq 
L (l-«o)(Rg+rb') + re'- 

(304) 

BW = (1-Q^o) (R«+rbO + re' 

(Rg+I'bO Ccq 
= Wt 

(1 + Wt Ce Rl) 

[i - q!o + — 

L (Rg+rb')J (305) 

Eq. (305) shows that the band¬ 
width is decreased by an increase 
in the load resistance Rl and in¬ 
creased by a reduction in the 
source resistance Rg, For a given 
Rg and Rl, the bandwidth is also 
increased by an increase in cot 
and by a decrease in rb' and Cc- 
Thus, a transistor suitable for 
wideband operation should have 
high fq. (or cot), a low collector 
capacitance Cc, and a low base re¬ 
sistance ri/. If a transistor which 
has an f^. of 1.5 GHz and a Cp of 
1.5 picofarads is used, the band¬ 
width calculated from Eq. (304) 
is 8 MHz for Rg = 75 ohms, Rl = 
300 ohms, and = 50 milli- 
amperes. The corresponding volt¬ 
age gain is 140. To obtain the 
bandwidth required in CATV, it 
is necessary to use compensation 
techniques that permit the trade 
of gain for increased bandwidth. 

Transistor amplifiers cannot be 
designed to permit a gain-for- 
bandwidth trade in a 1:1 ratio. 
The voltage gain of a common- 


emitter amplifier stage, as can be 
determnied from Eqs. (304) and 
(305), is not inversely propor¬ 
tional to the bandwidth. One of 
the important criteria of a wide¬ 
band transistor amplifier, there¬ 
fore, is its ability to trade gain 
for bandwidth. Another way of 
stating this criterion is that 
degradation in gain-bandwidth 
should be small. 

Collector-to-Base Shunt Feed¬ 
back—One common method for 
trading gain for bandwidth in a 
common-emitter amplifier is by 
use of shunt resistance-inductance 
feedback, as shown in Fig. 349. 
Simple feedback is provided from 
collector to base for trading gain 
and bandwidth. The current gain 
at low frequencies is approxi¬ 
mately equal to the ratio of Rf 
to Rl- The feedback resistance 
Rf should be in the range 
RL<Rf<RL/l—ao)- Without the 
inductance L, this technique is 
not an efficient way to obtain 
wide bandwidths because the 
feedback resistance becomes so 
low that it loads both the input 
and output circuits and thus re¬ 
duces the gain-bandwidth product. 


Rf L 



Figure 349. Common-emitter amplifier that 
uses shunt RL feedback to increase circuit 
bandwidth. 


The effective input impedance is 
the input impedance of the tran¬ 
sistor in parallel with a resistance 
equal to the feedback resistance 
Rf divided by (l+K), where K is 
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the voltage gain. The load pre¬ 
sented to the collector of the tran¬ 
sistor consists of the feedback 
resistance Rf in parallel with re¬ 
sistance Rl. However, if an in¬ 
ductance L is connected in series 
with the feedback resistance Rf, 
the gain-bandwidth product can 
be restored to its value without 
feedback. The inductance tends to 
remove the feedback resistance 
from the circuit at frequencies 
above (l—aj fT> and thus elimi¬ 
nates its effect on the high-fre¬ 
quency current amplification. The 
approximate expression for de¬ 
termining the value of the induct¬ 
ance is as follows: 

L = (Rf -f- q/ -f- Rl) Rf/27r ft Rl- 

(306) 

Emitter Degeneration—An¬ 
other common method of trading 
gain for bandwidth is to use emit¬ 
ter regeneration or emitter peak¬ 
ing, as shown in Fig. 350. Simple 
resistance-capacitance feedback is 



Rl 


Figure 350. Transistor amplifier that uses 
emitter degeneration to increase circuit 
bandwidth. 

provided from the emitter to 
ground for trading gain for band¬ 
width. The effect of the resistance 
Re is to reduce the gain at low 
frequencies. The equations for the 
voltage gain and the bandwidth 
of this amplifier, when Zg = Re, 
are as follows: 


Gain = 


_ ao Rl _ 

Oio Re + fe^ + (1—Ofo) 
(Rs + rb^ + Re)_ 


1 

I -J- P^eq (Rs + rb^ + Re) 

ao Re + + ( 1 — OCo) 

(Rs + fb^ + Re 


(307) 


BW = 

gp Re + + (1 ~Q:o) (Rs + rb^ + Re) 

(Rs + Fb^+Re) Ceq 


(308) 


Comparison of Eqs. (305) and 
(308) shows that increased band¬ 
width is possible if Rg + rb' > Re- 
The effect of the capacitance Ce in 
shunt with the emitter resistance 
Re is to decrease the degeneration 
at high frequencies. The required 
value of capacitance Ce is approxi¬ 
mately equal to l/(15fTRe). 


Two-Stage Wide-band 
Amplifier 

Degenerative feedback around 
two stages offers large bandwidth 
increase with minimum loss of 
gain-bandwidth product. Two such 
feedback methods are shown in 
Fig. 351. The circuit shown in 
Fig. 351(a) uses a combination 
of voltage and current feedback. 
The resistance Re 2 provides emit¬ 
ter degeneration in the second 
stage, while the resistance Rf 2 
provides a form of current feed¬ 
back to the first stage. The cur¬ 
rent gain is approximately equal 
to the ratio Rf 2 /Re 2 - Because the 
feedback is obtained from a low- 
impedance point and is returned 
to a point of somewhat higher 
impedance around the current 
amplification of both transistors, 
substantial increases in bandwidth 
(up to 0.5 fx) can be obtained 
for a constant gain-bandwidth 
product. 
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Figure 351. Two-stage wide-band rf amplifiers that use a combination of voltage and 
current feedback to increase circuit bandwidth: (a) Feedback is coupled from emitter 
of output transistor (low-impedance point) to base of input transistor (higher impedance 
point); (b) feedback is coupled from collector of output transistor (high-impedance point) 
to emitter of input transistor (low-impedance point). 


The circuit shown in Fig. 
351(b) is satisfactory when mod¬ 
erate bandwidth (up to 0.1 Tj) 
is desired. This circuit differs 
from that of Fig. 351(a) in that 
the feedback is obtained from a 
high-impedance point and is ap¬ 
plied only around the current am¬ 
plification of the second stage. 


Series and Shunt Peaking 

Series peaking or shunt peaking 
schemes can also be used to extend 
the bandwidth of an amplifier. 
Fig. 352(a) shows a series inter¬ 
stage inductance that connects 
the base of the second stage and 
the collector of the preceding 
transistor. This inductance in¬ 
creases the bandwidth by form¬ 
ing a resonant impedance-match¬ 
ing network with transistor input 
and output capacitances at fre¬ 
quencies near the amplifier cut¬ 
off frequency. The value of L can 
be determined from the following 
equation: 


r/ (rb^+RL)^ Ce 
4[re' + (l-«o) (RlW)] 


( 309 ) 


The shunt peaking method 
shown in Fig. 352(b) employs an 
inductance in series with the in¬ 
put shunting resistance. The in¬ 
ductance is adjusted so that the 




Figure 352. Circuits showing use of peak¬ 
ing coils to increase bandwidth: (a) series 
peaking; (b) shunt peaking. 


load is reduced in the frequency 
range in which the transistor 
gain begins to decrease. The re¬ 
quired inductance L is equal to 
R,yi5 f^. 
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Wideband Transformer 

The choice of dc bias for a wide¬ 
band transistor amplifier to be 
used in CATV depends on such 
factors as power-output require¬ 
ments, power dissipation, cross¬ 
modulation, noise figure, gain, and 
bandwidth. In general, the tran¬ 
sistor should be biased at a point 
that provides the maximum gain- 
bandwidth product f-p. In addi¬ 
tion, the stage that requires high- 
level output should be biased at 
a point at which good linearity or 
minimum distortion can be ob¬ 
tained. The first stage should be 
biased at a point for which a 
minimum noise figure can be 
achieved. The operating conditions 
at a given voltage of 15 to 30 
volts (available in a CATV sys¬ 
tem) are determined by the col¬ 
lector load resistance Rl in the 
circuits shown in Figs. 348 
through 352. Because the input- 
source and output-load resistances 
in a CATV wideband amplifier are 
75 ohms, wideband transformers 
must be used to provide the proper 
operating conditions of the tran¬ 
sistor. 

The wideband transformer 
shown in Fig. 353 consists of a 
ferrite toroid around which a 
twisted pair of wires are wound. 
This transformer is of the trans¬ 
mission-line type and has excellent 
bandwidth ratios. The transmis¬ 
sion lines take the form of twisted 
pairs. In this transformer, the 
coils are so arranged that the 
interwinding capacitance is a 
component of the characteristic 
impedance of the line, and forms 
no resonances which seriously 
limit the bandwidth, as in the 
case of a conventional trans¬ 
former. For this reason, the wind¬ 
ings can be spaced closely to¬ 



2 


I 3 



4 



Figure 353. Wideband transformer. This 
transformer may be used to provide a 4:1 
impedance ratio, as indicated in top dia¬ 
gram. The transformer is basically a 
twisted-pair transmission line wound about 
a ferrite torroid, as shown In lower diagram. 


gether to assure good coupling. 
Transformers of this type can 
provide good high-frequency re¬ 
sponse (this response is deter¬ 
mined by the length of the wind¬ 
ings) . 

The low-frequency response, on 
the other hand, is determined by 
the permeability of the core. The 
greater the core permeability, the 
fewer the turns required for a 
given low-frequency response and 
the larger the bandwidths. Thus, 
a good core material is desirable. 
Ferrite toroids have been found 
very satsfactory. The permeabil¬ 
ity of some ferrites is very high 
at low frequencies and decreases 
at higher frequencies. Large re¬ 
actance, therefore, can be obtained 
with few turns at low frequencies. 
When the permeability decreases, 
the reactance is maintained by 
the increase in frequency, and 
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good response is obtained over a 
large frequency range. It is im¬ 
portant that coupling be high at 
all frequencies, or the transformer 
action fails. 

The transformer shown in Fig. 
353 has an impedance ratio of 4 
The high-frequency response of 
this transformer may be calcu¬ 
lated by use of the following equa¬ 
tion : 


Power Available 
Power Output 

(1+3 cos B 1)" 4- 4 sin' B 1 
4 (l + cosPl)“ ^ 

where B is the phase constant of 
the line and 1 is the length of the 
line. The response is down 1 dB 
when the line length is X/4; the 
response is zero at X/2. For wide¬ 
band response, therefore, this 
transformer must be made small. 

Transistor Noise-Figure 
Considerations 

The noise figure, defined as the 
ratio of the input signal-to-noise 
ratio to the output signal-to-noise 
ratio, of a single-stage transistor 
amplifier is a function of fre¬ 
quency and transistor parameters, 
as shown by the following equa¬ 
tion : 


NF = 1 -f- -f - 4- 

Tg 2 Rg 2 ao Rg tJ 



At frequencies below approxi¬ 
mately 0.1 frj., the noise figure is 
constant with frequency and is 
primarily determined by Rg, r^', 
r^, and The resistance re' is 


inversely related to the dc emit¬ 
ter current (iV = 26/+) ; there¬ 
fore, there is a value of +. that 
corresponds to a minimum noise 
figure. At higher frequencies, the 
(f/TiO- term in the noise-figure 
equation becomes predominant, 
with the result that the noise fig¬ 
ure asymptotically approaches a 
6-dB-per-octave slope. From the 
viewpoint of noise considerations, 
the r,/ and leo of the transistor 
should be low, and Pp should be 
high. Eq. (311) shows that the 
noise figure is also a function of 
the source resistance Rg and, 
therefore, can be minimized by 
proper selection of Rg. The opti¬ 
mum source resistance can be de¬ 
termined if Eq. (311) is differen¬ 
tiated and the result is set equal 
to zero and solved for Rg. The fol¬ 
lowing equation for Rg is then 
obtained: 


Rg (optimum) == 


(re'+Fb')^ + 


ao yJ (2 Fb^+reO 

+(f y+^ 

«o \IT/ IeJ 

(312) 


At low frequencies, where 
is small, a transistor that has high 
dc current gain requires a high 
source resistance Rg for best noise 
performance. As the frequency ap¬ 
proaches fx, the second term of 
Eq. (312) becomes small, and the 
optimum source resistance ap¬ 
proaches (r^,' + r/). The typical 
noise figure for a high-frequency 
silicon transistor at 216 MHz is in 
the order of 2.5 to 3 dB. Such a 
noise figure cannot be obtained in 
a CATV amplifier because the 
source resistance for such an am¬ 
plifier (75 ohms) is not the opti¬ 
mum source resistance required 
for minimum noise figure. 
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Cross-Modulation 

Distortion 

Cross-modulation results when 
several channels are passing 
through a wideband amplifier. The 
modulation of undesired, interfer¬ 
ing signals appears as modulation 
of the desired signal. Cross-modu¬ 
lation in a transistor amplifier is 
produced mainly by nonlinear 
characteristics of the emitter-to- 
base diode and by transfer char¬ 
acteristics that are not linear. 

The voltage-current relations 
for the emitter-to-base diode of a 
transistor can be expressed as fol¬ 
lows : 

I, = I, [e(q-v)/kT _ 1] (313) 

Expansion of Eq. (313) shows 
that the emitter current contains 
fundamental as well as harmonic 
components. The relative magni¬ 
tude of the harmonics is propor¬ 
tional to the applied voltage. 
Therefore, when two or more sig¬ 
nal voltages are applied, cross¬ 
modulation products are gener¬ 
ated. 

Transfer characteristics that 
are not linear, such as the cur¬ 
rent gain of a common-emitter 
stage, are another source of cross¬ 
modulation. If the output collector 
current is proportional to the in¬ 
put base current, no cross-modu¬ 
lation exists. However, because the 


common-emitter current gain 
(hfe) is not constant with current 
levels, the output current is not 
proportional to the input current. 
When two or more signals are 
present, the amplitude of the first 
signal is dependent on the ampli¬ 
tudes of the other signals, and 
cross-modulation results. 

Because cross-modulation is a 
transfer of modulation from one 
channel to another, it can be 
measured by determining the de¬ 
gree of modulation produced on 
an unmodulated carrier by various 
combinations of interfering sig¬ 
nals. The basic test for cross¬ 
modulation is shown in Fig. 354. 
A number of clean TV (modu¬ 
lated) signals at the various chan¬ 
nel frequencies are combined and 
fed through the amplifier under 
test. The output signal is viewed 
on a good television receiver, and 
the output levels are increased 
until ''windshield-wiper’' (cross¬ 
modulation) effects are just vis¬ 
ible in the picture. The level at 
which this condition occurs is 
called the maximum usable out¬ 
put of the amplifier. 

This test is not really conclusive, 
however, because TV "windshield- 
wiper” effects can be seen much 
more readily on some pictures 
than on others. The accuracy of 
the test is greatly increased if an 
unmodulated signal is substituted 
for the picture signal on the view- 


VIDEO 
SIGNAL^ 
SOURCE 



Figure 354. Block diagram of basic test setup used for cross>moduiation measurements. 
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ing channel. This technique pro¬ 
vides a white screen which does 
not change during the test, and 
allows more consistent and critical 
observations. 

A test for cross-modulation can 
also be made by use of a field- 
strength meter in an arrangement 
such as that shown in Fig. 355. 
Two channel frequencies are used 
in the test. The measurement pro¬ 
cedure is as follows: 

1. The equipment is set up as 
shown in Fig. 355. 

2. Generator No. 1 is set to 150 
MHz modulated 30 per cent 
by 1000 hertz and the field- 
strength meter is tuned to 
150 MHz. 

3. The output of generator No. 
1 is adjusted to the rated out¬ 
put of the amplifier. 

4. The potentiometer is ad¬ 
justed and the voltmeter is 
calibrated for a convenient 
level. This level then corre¬ 
sponds to 100-per-cent cross¬ 
modulation. 

5. The modulation is then re¬ 
moved from the input sig¬ 
nal. 

6. Generator No. 2 is set to 210 
MHz modulated 30 per cent 



by 1000 hertz and the field- 
strength meter is tuned to 
210 MHz. 

7. The output of generator No. 
2 is adjusted to provide the 
rated output of the amplifier. 
(If the amplifier has a flat 
response, the output of the 
two signal generators will be 
equal.) 

8. The field-strength meter is 
tuned to 150 MHz. 

9. The voltmeter is set to proper 
scale for reading, and is 
read. The percentage of 
cross-modulation is then cal¬ 
culated based upon the 100- 
per cent level set in step 4. 

This method is good enough to 
determine the cross-modulation of 
an amplifier on a relative basis. 
For accurate cross-modulation 
measurement, multi-channel fre¬ 
quencies must be used. 

The 2N5109 Overlay Transistor 

The RCA-2N5109 transistor, 
packaged in a TO-39 case, is 
designed to provide large dy¬ 
namic range, low distortion, and 
low noise, and is well suited for 
use in a wideband amplifier in 
CATV applications. The 2N5109 



AC 

VOLTMETER 


Figure 355. Block diagram of cross-modulation test setup In which a field-strength meter 

is used. 
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is an epitaxial silicon overlay tran¬ 
sistor that features low rb' and Cq 
and high and relatively flat fT 
with current level. Fig. 356 shows 
the frr of a typical 2N5109 as a 
function of collector current at a 
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Figure 356. Gain-bandwidth product as a 
function of collector current for a typical 
RCA-2N5109 Transistor. 

VcE of 15 volts. The f^ measured 
at a collector current of 50 milli- 
amperes is 1.5GHz; fx is within 


20 per cent of its maximum value 
from 25 to 100 milliamperes. Fig. 
357 shows the frj. of a typical 
2N5109 as a function of Vce at 
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Figure 357. Gain-bandwidth product as a 
function of collector voltage for a typical 
RCA-2N5109 Transistor. 

collector currents of 25, 50, and 
100 milliamperes, respectively. 
The electrical characteristics of 
this transistor are summarized in 
Table XXXVI. 


Table XXXVI—Electrical Characteristics of RCA-2N5109 
Overlay Transistor (Case Temperature = 25‘'C) 

TEST CONDITIONS 


CHARACTERISTIC 

SYMBOL 

DC 

DC 







COLLECTOR 

CDRRENT 







VOLTS 

(mA) 


LIMITS 

UNITS 



VcB Vce 

Ib 

Ic 

Min. 

Max. 


Collector-Cutoff Current 

IcEO 

15 




20 

/zA 

Collector-to-Base 

BVcbo 



0.1 

40 


V 

Breakdown Voltage 
Collector-to-Emitter 

Vcer(SUS) 

* 


5 

40 



Voltage (Sustaining) 

VcEo(SUS) 



5 

20 


V 

Emitter-to-Base 

BVbbo 


0.1 

0 

3 


V 

Breakdown Voltage 
Collector-to-Emitter 

VcE(sat) 


10 

100 


0.5 

V 

Saturation Voltage 







Collector-to-Base Capacitance 

Cob 15 




3.5 

pF 

(Measured at 1 MHz) 
Small-Signal Common-Emitter 

hf e 

15 


20 

4.8 



Forward-Current Transfer 


15 


50 

6.0 



Ratio (Measured at 200 MHz) 


15 


100 

4.8 



Voltage Gain (Wideband, 

V.G. 

15 


50 

11 


dB 

50 to 216 MHz) 

Cross Modulation at 

C.M. 

15 


50 


-57 

dB 

54-dBmV Output 

Power Gain (Narrow-band, 
Measured at 200 MHz; 

Pin = -10 dBmV) 

P.G. 

15 


10 

11 

(typ) 

dB 

Noise Figure 






3 


(Measured at 200 MHz) 

N.F. 

15 


10 


(typ) 

dB 


With external base-to-emitter resistance Rbe = 10 ohms. 
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Fig. 358 shows the noise figure 
of a typical 2N5109 as a function 
of collector current. The noise 
figure is measured with the 



COLLECTOR CURRENT ~ mA 


Figure 358. Noise figure as a function of 
collecter current for a typical RCA-2N5109 
transistor. 

2N5109 operating as a narrow- 
band 200-MHz amplifier at a Vce 
of 15 volts. The best noise figure 
occurs at a collector current of 
less than 10 milliamperes. 

Choice of Operating Conditions 
for 2N5109 

The most important parameter 
in the input stage of a CATV sys¬ 
tem is the noise figure. Distortion 
is not usually important in the 
input stage because the voltage 
and current swings of the transis¬ 
tor are small. The dc bias of the 
transistor should be chosen for 
mimimum noise figure. An RCA- 
2N5109 used in the first stage 
should be biased at a collector 
current of 10 milliamperes 
and a collector-to-emitter volt¬ 
age Vce of 10 to 15 volts. The 
noise figure of a typical 2N5109 
measured in a CATV amplifier is 
8 dB at channel 13. 

The final stage, on the other 
hand, should be biased so that 
maximum power output can be 
obtained with minimum cross¬ 
modulation distortion. In addition, 
the bias condition should be within 
the dissipation capability of the 


transistor. For example, if it is 
assumed that 1 volt rms (60 
dBmV) is required across a load 
of 75 ohms, the peak-to-peak volt¬ 
age swing across the 75-ohm load 
is 2.83 volts, and the correspond¬ 
ing current swing is 36.4 milli¬ 
amperes. The 75-ohm load must 
be transformed into the collector 
load with the use of a wideband 
transformer. If a 1:1 impedance 
transformer is used, the collector 
voltage and current swings are 
the same as those of the 75-ohm 
load. The collector bias current 
Ic can then be selected from Fig. 
356 for minimum change in f^ 
within the 36.4-milliampere cur¬ 
rent swing. The value of Ic that 
satisfies this condition is ap¬ 
proximately 60 milliamperes. The 
Vce corresponding to a collector 
load of 75 ohms is therefore 4.5 
volts. Figs. 356 and 357 show 
that large current swings (rather 
than voltage swings) result in a 
change in and, therefore, in 
large distortion. 

If a 4:1 impedance transformer 
is used, the collector load becomes 
300 ohms and the collector voltage 
and current swings become 4.66 
volts and 18.2 milliamperes, re¬ 
spectively. From Fig. 356, the 
value of Ic can be chosen as 55 
milliamperes for a minimum 
change of fT within this current 
swing. The Vce value correspond¬ 
ing to the collector load of 300 
ohms is 16.5 volts. Fig. 357 shows 
that the fT is substantially con¬ 
stant within the 4.66-volt swing 
around 16.5 volts. The power dissi¬ 
pation is 0.9 watt, which is within 
the limit of the 2N5109. The 
power output for a typical 
2N5109 operated at 16.5 volts and 
55 milliamperes in a 12-channel 
system is 52 dBm with —57 dB 
cross modulation. 
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A Wideband Amplifier 
Using the 2N5109 

A typical single-stage wideband 
amplifier circuit is shown in Fig. 
359. This common-emitter class A 
amplifier uses the RCA-2N5109 
transistor and is designed for 

Rf 



Cl, C2, Cs = 0.002 /iF 

Ca = 8-60 pF, Arco 404 or equiv. 

C4 = 0.03 nf 
Ce, C7 = 1500 pF 
Ri = 390 ohms, Vj watt 
R 2 = 330 ohms, 1 watt 
Re = 6.8 ohms, V 2 watt 
Rf = 200 ohms, V 2 watt 

T = 4-turn bifilar winding, ID, No. 30 wire; 

Core: G.I. material Qi or equiv. 

Figure 359. Single-stage wideband ampli¬ 
fier using the RCA-2N5109 transistor to pro¬ 
vide a gain of 12 dB in the frequency 
band from 54 to 216 MHz. 

75-ohm source and load resis¬ 
tances ; it is suitable for the CATV 
application. A ferrite-toroid wide¬ 
band transformer that has an im¬ 
pedance ratio of 4:1 is used in the 
output to transform a 75-ohm load 
into a 300-ohm collector load. Both 
shunt feedback and emitter de¬ 
generation are employed through 
Rf and R^, respectively. Emitter 
peaking is accomplished by the 
use of C 3 . Two dc power supplies 
are used; one supply provides the 
collector reverse bias, and the 
other supply provides the emitter- 
to-base forward bias through re¬ 
sistances Ri and R 2 . The dual- 
dc-power-supply arrangement is 


consistent with present CATV 
systems, which have both positive 
and negative 15-volt supplies. 

The amplifier of Fig. 359 uses 
a 2N5109 operated at an 1^ of 55 
milliamperes and a Vce of 16.5 
volts, and can provide a minimum 
gain of 12 dB within the band of 
54 to 216 MHz. 

Fig. 360 shows the use of the 
2N5109 in a more sophisticated 
wideband amplifier. This amplifier 
also employs a 4:1-impedance 
wideband transformer and emitter 
peaking and degeneration. Output 
impedance matching at the upper 
cutoff frequency is provided by 
L 2 , C 9 and CiQ. This method results 
in a small increase in gain at the 
upper cutoff frequency. The same 



Cl = 1.5 — 20 pF L 2 = 3 turns. Me" 

C 2 = 0.002 pF diameter. No. 26 wire 

C3 = 55 — 300 pF Ri = 30 ohms 
Cl, Cs = 0.02 pF R 2 = 390 ohms 

Cs, Ct = 1000 pF R.3 220 ohms 

Co 32 — 250 pF T = 4-turn bifilar wind- 
Cq = 7 — 100 pF Ing, Me" ID; Core; 

Cio — 8 — 60 pF G.I. material Qi or 

Li 7 turns, Me" equiv. 

diameter. No. 26 wire 

Figure 360. Single-stage wideband amoli- 
fier using the RCA-2N5109 transistor which 
employs various matching, peaking, and 
feedback techniques to increase the gam- 
bandwidth product. 

technique is used in the input 
through Li and Cf. The combina¬ 
tion of C 3 and Ri tends to reduce 
the gain of the amplifier at low 
frequencies through the effect of 
Rj. At high frequency, full gain 
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is obtained through the shunting 
effect of C;i. As compared to the 
amplifier circuit of Fig. 359, this 
amplifier can provide 1 to 2 dB 
more gain under the same operat¬ 
ing conditions. However, the am¬ 
plifier circuit of Fig. 360 is more 
complicated, particularly its tun¬ 
ing procedure. 

Trunk line and bridger ampli¬ 
fiers usually contain 2 to 4 stages. 
The single-stage circuits of Figs. 
359 and 360 provide the basic 
building blocks for such an ampli¬ 
fier. The first stage must have a 
low noise figure and, for that rea¬ 
son, control is usually not 

used in this stage. Because it in¬ 
creases the low-frequency noise 
figure, tilt control is usually in¬ 
corporated only in the second 
stage. 

VHF AND UHF MILITARY 
RADIO 

Military radios, which oper¬ 
ate in the vhf and uhf ranges, 
vary greatly in requirements. 
Telemetering devices may oper¬ 
ate with as little output as 
0.25 watt, while communication 
systems may require outputs of 
50 watts and more. Modulation 
may be AM, FM, PM (pulse mod¬ 
ulation), or PCM (pulse-code 
modulation). Equipment may be 
designed for fixed, mobile, air¬ 
borne, or even space applications. 
Although the circuits described 
in this section apply only to spe¬ 
cific military applications, they 
are representative of the general 
design techniques used in all 
military vhf and uhf radio 
equipment. 

Sonobuoy Transmitters 

A sonobuoy is a floating sub¬ 
marine-detecting device that in¬ 


corporates an underwater sound 
detector (hydrophone). The 
audio signals received are con¬ 
verted to a frequency-modulated 
rf signal which is transmitted to 
patrolling aircraft or surface 
vessels. The buoy is battery- 
operated and is designed to have 
a very limited active life. 

Typical requirements for the rf- 
transmitter section of the sono¬ 
buoy are as follows: 

Frequency = 165 MHz 
Supply Voltage — 8 to 15 volts 
CW Output = 0.25 to 1.5 watts 
Over-all Efficiency = 50 per cent 
Harmonic Output =: 40 dB down 
from carrier 

Figure 361 shows a diagram of 
an experimental sonobuoy trans¬ 
mitter designed to produce a power 
output of 2 watts at 160 MHz. 
Only three stages, including the 
crystal-controlled oscillator sec¬ 
tion, are required. Efficiency is 
greater than 50 per cent (over¬ 
all) with a battery supply of 12 
to 15 volts. 

The 2N3866 or 2N4427 transis¬ 
tor can be used in a class A oscil- 
lator-quadrupler circuit which is 
capable of delivering 40 milli¬ 
watts of rf power at 80 MHz. 
Narrow-band frequency modula¬ 
tion is accomplished by ‘'pull¬ 
ing'' of the crystal oscillator. The 
crystal is operated in its funda¬ 
mental mode at 20 MHz. The 
oscillator is broadly tuned to 
20 MHz in the emitter circuit and 
is sharply tuned to 80 MHz in 
the collector circuit. The supply 
voltage to the oscillator section 
is regulated at 12 volts by means 
of a Zener diode. Spectrum- 
analyzer tests indicate that this 
stage is highly stable even 
though rather high operating 
levels are used. 
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OSCILLATOR-QUADRUPLER 


TYPE 

AUDIO 

(FM) CRYSTAL /O' 


C 4 U ^3 


FINAL 

OUTPUT 
DEV. , ^ (50 a) 

type 


bL5 C,3 


I Cg 

>R4 C8= 


Cl = 0.05 fiF 

C 2 = 75 pF 

Ca = 32-250 pF 

Ci, Cio, C 16 , Ci7 = 3-35 pF 

Cs = 2200 pF, feedthru 

Co, C 12 , Ci 5 = 0.01 ju,F 

Ct = 14-150 pF 

Cs = 50 pF 

Co = 500 pF 

Cii, Cu = 1500 pF, feedthru 
Ci3 = 8-60 pF 
Li = 22 fiH 
L 2 = 5.5 fiH 

La = 3 turns No. 16 wire, Va" ID x V 2 " long 
Li zi: 5 turns No. 22 wire, ID (close wound) 

Ls = 2 - 1/4 turns No. 16 wire, ID x Vs'' long 


Vcc = 15 V 

Le = 2-14 turns No. 18 wire, ^ 2 " ID (close 
wound) 

Lt, Ls = 1.0 fiH 

Le = 5 turns No. 16 wire, 14 " ID x long 

Ri = 1000 ohms 

R 2 == 1200 ohms 

Ra = 47 ohms 

R 4 zz; 10 ohms 

Rs zzz 100 ohms 

Re zz: 51 ohms 

R 7 = potentiometer, 50 ohms 

Rs = 100 ohms 

Vor = varactor 

Ref. Diode = 12-volt zener diode 


Figure 361. 1.5-watt (rf power output) sonobuoy transmitter. 


The oscillator-quadrupler sec¬ 
tion is followed by a 2N3553 class 
C doubler stage. This stage de¬ 
livers a power output of 250 milli¬ 
watts at 160 MHz from a 12- to 
15-volt supply. The over-all output 
of the sonobuoy can be adjusted 
by varying the emitter resistance 
of this stage. 

The final power output is de¬ 
veloped by an RCA developmen¬ 
tal transistor which operates 
as a straight-through class C am¬ 
plifier at 160 MHz. A pi network 
matches this output to the 50-ohm 
line. The spurious output (mea¬ 
sured directly at the output port) 
is more than 35 dB down from 
the carrier. This suppression is 
achieved by means of series reso¬ 
nant trap circuits between stages 
and the use of the pi network in 
the output. 


Many sonobuoy systems re¬ 
quire power outputs in the range 
of only 0.25 to 0.5 watt, prefer¬ 
ably with a supply voltage of 8 
to 12 volts. The 2N4427 transistor 
is suitable for use as the doubler 
and also the final output device 
in such low-power applications. 
Fig. 362 shows a diagram of an 
output stage which uses the 
2N4427 as a straight-through 
175-MHz class C amplifier. This 
circuit can deliver output power 
of more than 500 milliwatts with 
a supply voltage of 10 volts and 
a drive power of 60 milliwatts. 

For the lower power-output 
requirement at low supply volt¬ 
ages, the oscillator-quadrupler 
stage should use lower-power 
transistors such as the 2N1491 
or 2N914. Only 10 to 15 milli¬ 
watts of fourth harmonic power 
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is required in this case. The 
bias-network resistors (R 2 
R 3 ) should be adjusted for re¬ 
liable oscillator starting condi¬ 
tions at these lower supply 
voltages. 

Sonobuoy circuits, in general, 
must be reliable, simple, and low 
in cost. The three-stage trans¬ 
mitter circuit shown in Fig. 361 
is intended to be representative 
of the general design techniques 
used in these systems. However, 
four-stage sonobuoy transmitter 
systems are also in common use 
at the present time. Typically, 
a four-stage arrangement con¬ 
sists of an oscillator-tripler 
stage, a second tripler stage, a 
buffer stage, and a final ampli¬ 
fier stage. Most present-day sono¬ 
buoy applications require CW 
power output between 0.25 and 
0.5 watt. 



Cl, C2, C4, C5 = 7-to-lOO pF Arco 423 or equiv. 
C 3 = 14-to-150 pF, Arco 424, or equiv. 

Co =: 0.01 /iF, 50 V 
C7 = 1000 pF, feedthro 
Li = 0.75 /iH 

L 2 = 1 turn No. 18 wire, Yzz" ID 
La == 1V 2 turns No. 18 wire, V 4 " ID 
L 4 = 1’A turns No. 18 wire, y\%" ID 
RFC = 450 ohms, ferrite 


Figure 362. 0.5-watt-175-MHz sonobuoy rf 
power output stage. 


Air-Rescue Beacon 

The air-rescue beacon is in¬ 
tended to aid rescue teams in lo¬ 
cating airplane crew members 
forced down on land or at sea. 
The beacons are amplitude-modu¬ 
lated or continuous-tone line-of- 
sight transmitters. They are bat¬ 
tery-operated and small enough to 
be included in survival gear. 

Typical requirements for rescue 
beacons are as follows: 

Frequency = 243 MHz (fixed) 
Power Output = 300 milliwatts 
(carrier) 

Efficiency = greater than 50 per 
cent 

Supply Voltage 6 to 12 volts 
Modulation = AM, up to ±100 
per cent 

The 2N4427 transistor is es¬ 
pecially suited for this service. 
A general circuit for the driver 
and output stages is shown in 
Fig. 363. Collector modulation, as 
well as some driver modulation, 
is used to achieve good down- 
modulation of the final ampli¬ 
fier. Conventional transformer- 
coupled modulation is used; 
however, a separate power sup¬ 
ply and resistor network in the 
driver circuit are provided to 
adjust the modulation level of 
this stage independently of the 
output stage. 

The rf-amplifier design is con¬ 
ventional ; pi- and T-matching 
networks are used; simpler cir¬ 
cuits (e.g., device-resonated 
tapped coils), however, could be 
used. The T-matching network at 
the driver input is used to match 
the amplifier to a 50-ohm source 
for test purposes. A lO-to-20- 
milliwatt input signal is needed 
to develop a 300-to-400-milliwatt 
carrier output level. 
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AUDIO INPUT 



Miniaturized Low-Power 
Oscillators 

Low-power transistor oscillators 
are used as transmitters for tele¬ 
metering or signal use in such de¬ 
vices as radiosondes, military 
fuses, beacons, and other remote 
sensing devices. Many of these 
units currently operate in the uhf 
range at output levels of about 
0.25 to 1 watt. Battery supplies 
are normally used. 

The 2N3866 and 2N4427 tran¬ 
sistors are ideally suited for 
low-power oscillator service. Fig. 
364 shows a simple micro¬ 
stripline circuit in which these 
transistors can provide power 
outputs of up to 1 watt in the fre¬ 
quency range of 400 to 600 MHz. 
The frequency of oscillation is 
primarily determined by capaci¬ 
tor C and the parasitic emitter- 
lead inductance. The microstrip¬ 
line output circuit can be 


matched to a wide range of loads 
by use of taps along the line 
length. 


Vcc* 20 V 



Fig. 365 shows a very sim¬ 
ple lumped-constant oscillator 
circuit for operation in the 700- 
to-lOOO-MHz frequency range. 
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Vcc = 28 V 



Figure 365. 0.5-watt, 1000-MHz lumped- 

constant oscillator using the RCA 2N3866 
transistor. 


The parasitic emitter- and base- 
lead inductances are tuned di¬ 
rectly with high-Q air dielectric 
capacitors, and no other external 
inductances are required for this 
frequency range. The collector is 
grounded directly to the ground 
plane for best dissipation of tran¬ 
sistor heat. Capacitor C primarily 
determines the oscillator fre¬ 
quency, and the output capaci¬ 
tors are used primarily for 
impedance matching. The 2N3866 
is used for operation at supply 
voltages of 20 to 28 volts, and 
the 2N4427 is preferred for sup¬ 
ply voltages of 15 to 20 volts. 
Power outputs in the order of 


500 to 1000 milliwatts into a 
50-ohm load can be developed by 
this simple circuit. 

Military Communications 

The frequency range from 225 
to 400 MHz is used in a large 
variety of relatively-high-power 
military communication systems. 
Equipments are usually amplitude- 
modulated and used for voice- 
communication purposes. The cir¬ 
cuits discussed in this section 
are limited to class B and class 
C amplifiers for use in driver 
or final output stages that pro¬ 
vide power outputs in the range 
from 5 to 40 watts. 

Fig. 366 shows the use of the 
2N3733 transistor in a 5-watt 
power-amplifier circuit of micro¬ 
stripline construction. A common- 
emitter configuration is used. The 
transmission-line elements are 
constructed from 1/32-inch Tef¬ 
lon fiberglass microstrip board. 
The 750-ohm ferrite choke in the 
base return provides low-fre¬ 
quency stability for this circuit. 

Fig. 367 shows the schematic 
diagram and components required 
for 225-MHz and 400-MHz lumped- 
constant circuits using the RCA- 
2N5016 transistor. This transis¬ 
tor can provide a power output 


58X1 

MICROSTRIP 



Figure 366. 5-watt, 375-MHz stripline amplifier. 
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FOR 225-MHz OPERATION 

Cl = 4-40 pF 

C2 = 7-100 pF 

Cs = 3-35 pF 

Ci = 8-60 pF 

Ce = 1500 pF, feedthru 

Ce = 0.01 fif, disc ceramic 

Li = 1.3 turns No. 16 wire, ID, long 

L 2 = ferrite choke, Z = 750 ohms 

Ls = rf choke, 0.44 /iH 

L4 = 4 turns No. 16 wire, V 4 '' ID, 0.3" long 

Ri = 0.68 ohms, wire wound, 1 watt 


FOR 400-MHz OPERATION 
Cl, Cs = 1.5-20 pF 
C 2 , C 4 = 3-35 pF 
Cs = 1000 pF, feedthru 
Ce = 0.01 /iF, disc ceramic 
Li = 1.3 turns No. 16 wire, ID, y^' long 
L 2 = ferrite choke, 2 = 750 ohms (or 0.12-pH 
choke) 

Ls = rf choke, 0.13 /iH 

L 4 = 3 turns x y^" copper ribbon, ID, 

1 / 2 " long 

Ri = 0.68 ohms, wire wound, 1 watt 


Figure 367. Lumped-constant power amplifier circuit for operation at 225 MHz or 400 MHz. 


of more than 20 watts at 225 
MHz and more than 15 watts 
at 400 MHz when operated from 
a 28-volt supply. A T-network is 
used to match the relatively low 
impedance of the input (1 to 3 
ohms) of this device to a 50-ohm 
source impedance. A pi network is 
used to match the output to a 50- 
ohm load. Self-bias is provided 
by the base resistance Rj. 

Figure 368 shows the use of 
a 2N5016 transistor in a micro¬ 
strip amplifier circuit that pro¬ 
vides an ouput of 15 watts at 
400 MHz when operated from a 
28-volt collector supply. The 
transmission lines are con¬ 
structed on 1/16-inch Teflon 
fiberglass circuit board with the 
foil on one side acting as a 
ground plane. The side lines are 
used to tune out the transistor 
input and output reactances. The 
main lines, together with capaci¬ 


tors Cl and C 7 are used to pro¬ 
vide real-to-real impedance trans¬ 
formations. Base self-biasing is 
accomplished through resistor 
Rj. Even though no dc blocking 
is employed on the 50-ohm input, 
proper biasing is obtained, pro¬ 
vided that the 50-ohm source im¬ 
pedance has a dc impedance of 
50 ohms or more. 

Fig. 369 shows a microstrip¬ 
line amplifier circuit designed 
for broadband operation over the 
frequency range of 225 to 400 
MHz. This circuit is constructed 
on a 1/32-inch Teflon fiberglass 
circuit board with the foil on one 
side acting as a ground plane 
for the microstrip elements. This 
amplifier employs a broadband 
step-transformer output network 
which transforms the 50-ohm 
load down to about 20 ohms for 
the collector load and provides 
the best match in the center of 
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i28V 



Cl, C2, C? = trimmer capacitor, 2 to 18 pF, Ri = 5.1 ohms, 0.5 watt, carbon 
Amperex HTIOA/218 or equiv. Notes: 

C 3 = 0.03 /iF, ceramic disc 1. Broad = Vis" Teflon board (e = 2.6), Budd 

C 4 = 470 pF, feedthro, Allen Bradley FA5C or Co. Polychem Div., Grade 108T, 1 oz, double- 

equiv. clad copper, or equiv. 

Cs, Ca = 0.005 /zF, ceramic disc 2. Dimensions in inches. 

Figure 368. 400-MHz microstripline amplifier using the RCA-2N5016 transistor. 



TAPER 



FREQUENCY—MHz 


R = 0.27-ohm 1-watt wire wound Notes: 

L = 0.1-/zH rf choke Board = V32" Teflon (e =: 2.6), Budd Co. 

Polychem Div. grade 108T, 1 oz, double 
clad copper, or equiv. 

Dimensions in inches. 

Figure 369. Schematic and performance curves of a 200-to-400-MHz microstripline 

broadband rf amplifier. 
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the band. The fact that only an 
approximate match of the tran¬ 
sistor output capacitance is pro¬ 
vided at midband does not result 
in serious performance degrada¬ 
tion. The input network consists 
of an exponentially tapered im¬ 
pedance transformer which 
matches the complex input im¬ 
pedance of the transistor at 400 
MHz. At frequencies below 400 
MHz, the input network matches 
the real part of the base im¬ 
pedance, but not the reactive 
part. The resultant mismatch 
offsets the increasing gain of 
the 2N5016 transistor as lower 
operating frequencies are ap¬ 


proached and results in a rela¬ 
tively constant power output 
over the band. With 5 watts of 
drive, this circuit develops about 
15 watts of output power across 
the 225-to-400-MHz band with a 
total output variation of 1.5 dB. 

The lumped-constant circuit 
shown in Fig. 370 uses low-pass, 
LC ladder networks for imped¬ 
ance transformation. (The values 
given for the various components 
in the circuit diagram are mea¬ 
sured at 400 MHz and include 
parasitic elements.) The output 
network transforms the 50-ohm 
load down to 20 ohms for the col¬ 
lector load. The dynamic output 



Cc = 2000 pF 
Cl, Ce = 7.5 pF 
C2 = 10 pF 

C 3 = 1.5 to 30 pF (Johanson type or equiv.) 

C 4 = 26.5 pF 
Co = 17.5 pF 
Ct = 26.5 pF 
Li = 4.5 nH 

L 2 == 14 nH (includes inductance of input cou¬ 
pling capacitor Cc) 


L3 = 8.5 nH 
U = 5.6 nH 
Ls = 10 nH 

Le = 19.5 nH (includes inductance of output cou¬ 
pling capacitor Ce) 


Note: 

All fixed components measured at 400 MHz 


Figure 370. Lumped-constant 225-to-400-MHz power amplifier. 
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capacitance of the transistor pro¬ 
vides the first shunt capacitor 
in the output network, and capa¬ 
citor Cc provides dc blocking. 
Similarly, the base input induct¬ 
ance of the 2N5016 transistor 
provides the last series inductor 
of the input network, and capaci¬ 
tor Cc is again used for dc block¬ 
ing. As in the microstripline cir¬ 
cuit, shown in Fig. 369, the input 
match of the lumped-constant 
circuit is optimized at 400 MHz. 
The m-derived end section (L^ 
and Cl) helps to provide the 
proper amount of mismatch at 
frequencies below 400 MHz to 
compensate for the gain charac¬ 
teristic of the transistor. With 
6 watts of drive, this circuit pro¬ 
vides approximately 17 watts of 
output power across the 225-to- 
400-MHz frequency band with a 
total output variation of 0.5 dB, 
as shown in Fig. 371. 

The new RCA hermetic strip¬ 
line package makes possible the 
design of broadband power am¬ 
plifiers without compromise of 
hermetic reliability. This new 
radial lead package, shown in 
Fig. 372, uses ceramic-to-metal 
seals and is superior to uhf plas¬ 
tic packages in two respects: it 
has lower parasitic inductances 
and is hermetically sealed. For 
example, the first transistor in 
a series of hermetic radial-lead 
packages, had a dynamic input 
impedance of 1.5 + jl.2 ohms at 
400 MHz as compared to 2 + j2 
ohms for a plastic 2N5017. Fig. 
373 shows the power output and 
efficiency of this developmental 
transistor as a function of input 
power, measured at a frequency 
of 400 MHz and a collector-to- 
emitter voltage of 28 volts. This 
transistor can deliver 19 to 20 
watts of power output with a 
gain of 6.5 dB and a collector 



Figure 371. RF power output, Input re¬ 
flected power, and collector efficiency of 
the RCA 2N5016 transistor as functions of 
frequency. 


efficiency of approximately 70 
per cent at 400 MHz. An im¬ 
portant feature of this transistor 



Figure 372. Hermetic Strip-Line Type 
Ceramic-to-Metal transistor Package (Iso¬ 
lated Electrodes) 
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Figure 373. Typical power output or col¬ 
lector efficiency as a function of power 
input at 400 MHz. 


is that the power gain is linear 
within 0.6 dB at power outputs 
in the range from 3 to 18 watts. 
The transistor can also supply 
20 watts of output with a gain 
of more than 10 dB at 225 MHz. 
Fig. 374 shows the power output 
as a function of frequency for 
the developmental radial-lead 
transistor. Fig. 375 shows the 
circuit configuration for a 400- 
MHz amplifier that uses this 
transistor. 



Figure 374. Typical power output as a 
function of frequency. 


MICROWAVE AMPLIFIERS 
AND OSCILLATORS 

Continued development of rf 
power transistors has extended 
their high-power capability into 
the microwave region. Commercial 
microwave transistors capable of 
cw power outputs up to 1 watt are 
now available for use at frequen¬ 
cies up to 2.3 GHz. CW power out¬ 
puts of 10 watts at 1 GHz and 
5 watts at 2 GHz have been ob¬ 
tained with laboratory develop¬ 
mental transistors, and future 
prospects are even more promis¬ 
ing. 

This section describes the use 
and capabilities of overlay tran¬ 
sistors in such applications as 
microwave straight-through am¬ 
plifiers and fundamental-fre¬ 
quency oscillators. The use of 
overlay transistors as amplifier- 
multipliers and oscillator-multi- 
pliers also provides important 
building blocks in microwave 
equipment are discussed sepa¬ 
rately in the section on Fre¬ 
quency Multipliers. 

Circuit-Design Considerations 

The important performance cri¬ 
teria in microwave power-ampli¬ 
fier circuits are power output, 
power gain, efficiency, and band¬ 
width. Transistors suitable for 
power amplification must be cap¬ 
able of delivering power effi¬ 
ciently with sufficient gain in the 
frequency range of interest. 

The power output that can be 
obtained from a transistor is de¬ 
termined by the current- and volt¬ 
age-handling capabilities of the 
device in the frequency range of 
interest. Because high-voltage 
operation of high-frequency tran¬ 
sistors is usually not prac- 





High-Frequency Power Amplifiers 


353 




Cl, C 2 , Ct = 2 to 18 pF, Amperex HTIOMA/218, Cs, Co = 0.005 fi?, disc type 
or equiv. Li 0.22 /iH, rf choke 

Cs =: 0.03 lif, disc type Ri = 5.1 ohms, V 2 W, carbon 

Cl = 470 pF, feedthru, Allen-Bradley FA5C, or Xi, X 2 = Details given in (b) 
equiv. 

Figure 375. 400-MHz stripline rf amplifier test circuit for measurement of power output: 
(a) circuit diagram; (b) details of striplines. 
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tical, high power output re¬ 
quires a transistor which has a 
high current capability. The over¬ 
lay transistor is suitable for high- 
power operation at ultrahigh and 
microwave frequencies because its 
construction provides a substan¬ 
tial increase in the ratio of emit¬ 
ter periphery to emitter area 
which results in a high current¬ 
handling capability. 

A proper collector load im¬ 
pedance that provides the neces¬ 
sary voltage and current swings 
over the entire frequency range 
must be maintained to obtain 
maximum power output from the 
transistor. The real part of this 
load impedance should be a func¬ 
tion of the collector supply volt¬ 
age Yqq and the power output 
Pq. For class B operation, in 
which the collector rf voltage is 
sinusoidal, the real part of the 
load impedance can be expressed 
as follows: 

Rl = - VcE(.at)l^ 

Zx o 

The dynamic output capacitance 
Cq of the transistor is very nearly 
equal to the open-circuit output 
capacitance at the supply 

voltage used. For class C opera¬ 
tion, in which the collector rf 
voltage waveform resembles the 
waveform of a half-wave recti¬ 
fier, the real part of the load 
impedance is modified as follows: 

Rl = K 

where the constant K is less than 
unity and is equal to 0.8 when 
the collector voltage waveform 
approaches that of a half-wave 
rectifier. In class C operation, 
the dynamic collector output ca¬ 
pacitance Co depends upon the 
conduction angle and is gener¬ 


ally substantially higher than the 
capacitance Cob- The imaginary 
parts of the load and transistor 
impedances are made part of the 
output circuit (where they are 
generally tuned out). 

The power gain PG of a tran¬ 
sistor power amplifier may be ex¬ 
pressed in many forms; one of 
the simplest is as follows: 

PCt= (|h2i!2RL)/[4Re(Zi„)] (315) 

where h 2 i is the dynamic current- 
transfer ratio (current gain) of 
the transistor, R^ is the real part 
of the collector load impedance 
determined from the required 
power output, and ReCZjn) is the 
real part dynamic input imped¬ 
ance (when the collector is 
loaded by a complex load im¬ 
pedance Zl). 

Eq. (315) shows that, for high- 
gain operation, large-signal power 
transistors should have (a) high 
current gain, which is also re¬ 
quired for small-signal opera¬ 
tion; (b) constant current gain 
with current-level variations for 
large-signal operation; and (c) 
low dynamic input impedance. 
This type of performance can 
usually be obtained with overlay 
transistors. 

For good efficiency, transistors 
are usually operated under the 
signal-bias condition at which the 
collector-to-base junction is re- 
verse-biased and the emitter-to- 
base junction is partially forward- 
biased by the input-drive signal. 
The collector efficiency of a tran¬ 
sistor amplifier is defined as the 
ratio of the rf power output at 
the frequency of interest to the 
dc power input. Therefore, high 
efficiency implies that circuit 
losses should be minimal, that 
the ratio of the real part of the 
dynamic output admittance of the 
transistor to its collector load 
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conductance should be maximum 
at the frequency of interest, and 
that the circulation of harmonic 
current in the circuit should be 
minimized. For efficient opera¬ 
tion, a transistor that has a small 
dynamic output conductance 
should be used in a low-loss cir¬ 
cuit that can block the flow of 
all harmonic currents. Because 
transistor output conductance in¬ 
creases very rapidly with fre¬ 
quency, a high ratio of output 
conductance to collector-load 
conductance is essential for effi¬ 
cient operation. 

The bandwidth of a transistor 
power amplifier is limited by 
three factors: (1) the intrinsic 
transistor structure, (2) transis¬ 
tor parasitic elements, and (3) 
the external circuitry, i.e., the 
input and output matching net¬ 
works. For a given collector load 
resistance and frequency, the in¬ 
herent bandwidth of a transistor 
power amplifier increases with 
the gain-bandwidth figure of 
merit f^. and is inversely pro¬ 
portional to the collector-to-base 
capacitance C^b- Transistors suit¬ 
able for wideband operation, 
therefore, should have a high 
fx and a low Cob- 

Parasitic elements contributed 
by the transistor package im¬ 
pose limitations on bandwidth. 
The most critical parasitic ele¬ 
ments are base and emitter in¬ 
ductances. Either type of induct¬ 
ance can be reduced greatly by 
grounding the corresponding 
terminal directly to the package. 
These inductances, in series with 
the intrinsic transistor structure, 
increase the input Q and thus re¬ 
duce the bandwidth. Additional 
parasitic inductances also in¬ 
crease the variation in transistor 
input and output impedances 
with frequency. 


A suitable package for tran¬ 
sistors required to provide stable 
operation over large band- 
widths in microwave-frequency 
applications should have low 
common-lead inductance, low 
shunt and feedthrough capaci¬ 
tances, and good thermal-resist¬ 
ance properties. Such require¬ 
ments are readily obtainable by 
use of coaxial or stripline tran¬ 
sistor circuit structures designed 
for use at microwave frequen¬ 
cies. Best high-frequency per¬ 
formance is provided by common- 
base configurations in coaxial 
packages of the type shown in 
Fig. 376. The lower section of 




(b) 

Figure 376. RCA-2N5470 coaxial transistor 
(a) outline; (b) external view. 
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the coaxial package, which con- 
cains the emitter coaxial lead, is 
insulated from the flange, which 
serves as the base lead, by an 
aluminum oxide disc. Another 
disc separates the base flange 
from the copper collector lead. 
The use of this package in a co¬ 
axial circuit requires a proper 
heat sink. Fig. 377 shows a co¬ 
axial transistor package that 
uses a standard beryllium oxide 
ring to facilitate heat conduction 
from the center conductor to the 
outside conductor of an air-di¬ 
electric line section. This type of 
arrangement is useful for power 
dissipation of 5 watts or less. 
A more efficient heat sink is ob¬ 
tained by use of a boron nitride 
cylinder that makes intimate con¬ 
tact between the coaxial line 
conductors over the entire length 
of the cavity. This arrangement 
results in much improved heat 
conduction and, therefore, is 
more suitable for high-power 
microwave transistors. In addi¬ 
tion, the boron nitride, which 
has electrical and thermal prop¬ 
erties similar to those of beryl¬ 
lium oxide, is readily machine- 
able and is nontoxic. Coaxial line 
lengths are also substantially 
reduced. 


The coaxial line package is 
useful well into the S-band fre¬ 
quency range. The JEDEC TO- 
60 and TO-39 packages are use¬ 
ful in amplifier circuits to 1 GHz 
and in oscillator circuits to 2 
GHz. The hermetic construction 
of these packages leads to in¬ 
creased device reliability under 
stringent environmental operat¬ 
ing conditions. 

The choice of transistor con¬ 
figurations at uhf and microwave 
frequencies is dependent upon 
both performance and stability 
requirements. Common-base am¬ 
plifiers provide higher gains than 
common-emitter amplifiers at fre¬ 
quencies above the fT of the 
transistor. Collector efficiency for 
common-base and common-emit¬ 
ter circuits is about the same. 
It is generally acknowledged, 
however, that a common-emitter 
configuration provides a more 
stable circuit at frequencies be¬ 
low the fT of the transistor. This 
assumption arises from the linear 
analysis of transistors in which 
parasitic elements are not in¬ 
cluded. For high-power opera¬ 
tion at uhf and microwave fre¬ 
quencies, transistor parasitics 
contributed by the package must 
be treated with the intrinsic 


BERYLLIUM OXIDE 
WASHER 



Figure 377. Heat sink for use with coaxial transistor package. 
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transistor. Stable operation can 
also be obtained in common-base 
configurations provided parasitic 
elements can be controlled. 

Because transistor parameters 
change with the power level, cer¬ 
tain forms of instabilities (e.g., 
hysterisis, parametric oscilla¬ 
tions, and low- and high-fre¬ 
quency oscillations) can be in¬ 
curred in both common-emitter 
and common-base circuits. Usu¬ 
ally, most of these instabilities 
can be eliminated or minimized 
by careful design of the bias 
circuit, by proper location of the 
transistor ground connections, 
and by use of packages in which 
parasitic inductance and capaci¬ 
tance are held to a minimum. 
Stable operation has been ob¬ 
tained at 2 GHz with both com¬ 
mon-base and common-emitter 
configurations. However, com¬ 
mon-base coaxial packages have 
been empirically found to be 
more stable at the higher fre¬ 
quencies. 


Circuit-Design Approach 

The design of transistor micro- 
wave power circuits involves two 
steps: (1) the determination of 
load and input impedances under 
dynamic operating conditions, and 
(2) the design of properly dis¬ 
tributed filtering and matching 
networks required for optimum 
circuit performance. For design 
of the input circuit, the input 
impedance at the emitter-to-base 
terminals of the packaged tran¬ 
sistor at the drive-power fre¬ 
quency under operating condi¬ 
tions must be known. For design 
of the output circuit, the load 
impedance presented to the col¬ 
lector terminal at the fundamen¬ 


tal frequency must be known. 
These dynamic impedances are 
difficult to calculate at microwave 
frequencies because transistor 
parameters, such as hoi Eq. 
(315), vary considerably under 
large-signal operation from small- 
signal values, and also change 
with power level. Small-signal 
equations that might serve as 
useful guides for transistor de¬ 
sign cannot be applied rigor¬ 
ously to large-signal circuits, 
although it has been determined 
empirically that some small-sig¬ 
nal parameters at the 10-volt 
level correspond rather closely 
with the large-signal values at 
28 volts. Because large-signal 
representation of microwave 
transistors has not yet been de¬ 
veloped, transistor dynamic im¬ 
pedances are best determined ex¬ 
perimentally by use of slotted-line 
or vector-voltmeter measurement 
techniques. 

The system required to deter¬ 
mine transistor impedances under 
operating conditions is shown in 
Fig. 378. The system consists of 
a well-padded power signal gen¬ 
erator, a directional coupler (or 
reflectometer) for monitoring the 
input reflected power, an input 
triple-stub tuner, an input low- 
impedance line section, the tran¬ 
sistor holder (or test jig), an 
output line section, a bias tee, an 
output triple-stub tuner, another 
directional coupler for monitoring 
the output waveform or frequency, 
and an output power meter. At a 
given frequency and input-power 
level, the input and output tuners 
are adjusted for maximum power 
output and minimum input reflec¬ 
tion power. When the system has 
been tuned properly, the imped¬ 
ance across terminals 1-1, without 
the transistor in the system, is 
measured at the same frequency 
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Figure 378. Block diagram of test setup used to determine input and output impedances 

of transistors. 


in a slotted-line set-up or with 
a vector voltmeter. The conju¬ 
gate of this impedance equals 
the dynamic impedance of the 
transistor. Similarly, the imped¬ 
ance across terminals 2-2, without 
the transistor in the system, is 
the load impedance presented to 
the collector of the transistor. 
Such measurements are per¬ 
formed at each frequency and 
power level. 

In addition to determining dy¬ 
namic input impedance and load 
impedance, the system shown in 
Fig. 378 is also useful for de¬ 
termination of the performance 
capability of the transistor. 
Power output, power gain, and 
efficiency are readily determined. 
For optimum performance of the 
test system, careful considera¬ 
tion must be given to the selec¬ 
tion of the line length and the 
characteristic impedance of 
the input and output line sec¬ 
tions (li and I 2 , respectively). 
Eighth-wavelength (X/8) line 
sections are preferred for li and 
I 2 because, as pointed out in the 


discussion of Matching Net¬ 
works, such sections exhibit the 
lowest VSWR and the smallest 
line losses. 

An alternative method of de¬ 
termining the dynamic input im¬ 
pedance is shown in Fig. 379. 
This method uses a well-padded, 
high-power signal generator con¬ 
nected in series with a slotted- 
line setup. 



Figure 379. Block diagram of dynamic- 
impedance test setup that may also be 
used to test transistor performance 
capability. 


The setup beyond terminals 1-1 is 
identical to that of Fig. 378. The 
high-power generator is adjusted 
until a desired power output is 
obtained. The input impedance un¬ 
der this condition can be mea¬ 
sured simultaneously in a slotted- 
line setup. In this case, the test 
fixture must contain a short line 
section (a X/8 section is pre¬ 
ferred for smallest line losses) 
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to provide a connection to the 
transistor. 

Circuit-Design Techniques 

When the dynamic input im¬ 
pedance and the load impedance 
of a packaged transistor have been 
established, either by direct mea¬ 
surement (as described in the 
preceding paragraph) or from 
the manufacturers published 
data, the input and output cir¬ 
cuits can be designed. The net¬ 
work design methods described 
in the section Matching Net¬ 
works may be used. For most 
microwave-circuit applications. 


INPUT CIRCUITS 



(b) 



however, either air-line or strip¬ 
line arrangements are generally 
used. 

This section discusses only 
some simple designs of the types 
shown in Fig. 380. Although 
coaxial-line configurations are 
shown, the design procedures are 
similar for the other forms of 
TEM-mode distributed line sec¬ 
tions. For the circuit shown in 
Fig. 380(a), the line section 1 
transforms the small input im¬ 
pedance of the transistor to a 
value closer to that of the driv¬ 
ing-source resistance (such as a 
50-ohm generator). If line sec¬ 
tion 1 is made an eighth-wave- 


QUTPUT CIRCUITS 




Figure 380. Transistor input and output coupling circuits suitable for use at microwave 
frequencies: (a) direct-coupled Input network using series tuning capacitor; (b) direct- 
coupled input network using shunt tuning capacitor; (c) resonant-line input circuit; 
(d) capacitive-probe-coupled output cavity; (e) inductive-probe-coupled coaxial output 
cavity; (f) resonant-line output circuit. 
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length long and its characteris¬ 
tic impedance is determined 
by use of Eq. (290), then the 
complex input impedance is 
transformed to a real value at 
the other end of this line, and 
the VSWR on the line section is 
a minimum. Capacitors Ci and 
C 2 , together with some lead in¬ 
ductance, are used as reactive 
dividers to step up or step down 
the impedance depending on the 
value of the real impedance to 
the 50-ohm source. Transforma¬ 
tion directly to 50 ohms or some 
other desired real impedance is 
also possible with this configura¬ 
tion. The length of the line sec¬ 
tion 1 is less than a quarter- 
wavelength when the dynamic 
input impedance is inductive and 
greater than a quarter-wave- 
length for capacitive inputs. In 
this type of application, capaci¬ 
tors Cl and Co serve to tune out 
imaginary components, modify 
imaginary components, or adjust 
the values of real components, 
depending on the frequency and 
the characteristics of the line 
section 1. 

The input circuit shown in Fig. 
380(b) can be used effectively 
when the dynamic input imped¬ 
ance of the transistor is induc¬ 
tive. Capacitor Co is used to tune 
out the inductive component of 
the input impedance. A quarter- 
wave line of the proper charac¬ 
teristic impedance is then used 
for the impedance transforma¬ 
tion between the small input re¬ 
sistance of the transistor and 
the driving-source resistance. 
The characteristic impedance of 
this line can be determined from 
Eq. (289). Capacitor Cj may be 
used to adjust for minor differ¬ 
ences between transistors. 

The output circuit shown in 


Fig. 380(d) is a capacitive- 
loaded, foreshortened quarter- 
wave coaxial-line cavity. A ca¬ 
pacitive probe is used to match 
the output to the desired real 
load impedance. The location of 
this probe is best determined em¬ 
pirically because a mathematical 
relation for such a case has not 
been developed. In the design of 
the circuit, the line section 1, 
the capacitance C;i, and the dy¬ 
namic output capacitance of the 
transistor must be resonant at 
the desired frequency. 

The ouput circuit shown in 
Fig. 380(e) is similar to that 
shown in Fig. 380(d) except that 
inductive loop coupling is used. 
Again, the design of the coupling 
loop is empirical. In general, the 
inductive loop is placed near the 
ground (high-current) end of the 
line; in fact, it may be tapped 
directly to the center conductor. 
Conversely, capacitive probes are 
generally located near the high- 
voltage end of the line. 

The coupling networks shown 
in Fig. 380(a) through Fig. 
380(e) can apply to either input 
or output circuits, and the spe¬ 
cific illustrations are used for 
discussion only. The circuits 
shown in Figs. 380(c) and 380 
(d) make use of inductive cou¬ 
pling and are particularly suit¬ 
able for stripline circuits. This 
technique enables additional cir¬ 
cuit isolation as well as addi¬ 
tional filtering action. The tech¬ 
nique can also be extended to 
provide pass-band filtering. 

Microwave Amplifier Circuits 

The RCA 2N5108 transistor 
can be used in the common-emit¬ 
ter amplifier mode at L-band fre¬ 
quencies. A typical circuit con- 
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figuration for operation at the 
1.0-to-1.5-GHz range is shown in 
Fig. 381. This circuit can pro¬ 
vide an output power of 1 watt 
at 1 GHz when operated from a 



Cl, Ci>, Os, Cl = Variable capacitor, 0.3 to 3.5 
pF, Johanson piston type or equiv. 

Cs = 420 pF, feedthru 
1= As described In text 
Rh = 2.7 ohms, V4 W 
RFC = 0.1 juH 

Figure 381. l-GHz, 1-watt amnlifier using 
the RCA-2N5108 transistor. 

28-volt power supply. The emit¬ 
ter of the transistor is directly 
connected to the ground plane of 
the stripline circuit board. The 
input circuit consists of the ca¬ 
pacitors Cl and C 2 and the para¬ 
sitic lead inductance of the 
2N5108 transistor. The output 
circuit uses a capacitively loaded 
50-ohm section of stripline which 
is resonant at the operating fre¬ 
quency. Power output is taken 
from this line at the proper im¬ 
pedance level. Amplifier power 
gain is in the order of 6 dB and 
collector efficiency is about 35 
per cent. 

For operation at high L-band 
or low S-band frequencies, the 
RCA-2N5470 coaxial transistor 
can provide greater stable power 


outputs. Fig. 382 shows a co¬ 
axial-line amplifier circuit which 
can provide 1.2 watts of output 
power at 2 GHz with a 28-volt 
power supply. The coaxial tran¬ 
sistor is placed in series with the 
center conductors of the coaxial 
air lines, and the base is prop¬ 
erly grounded to separate the in¬ 
put and output cavities, as shown 
in Fig. 380. The input line Lj 
has a characteristic impedance 
Z,, of 20 ohms and a length of 
about 0.80 inch. This line di¬ 
rectly transforms the input im¬ 
pedance of the 2N5470 (at 2 
GHz) to an impedance of about 
50 ohms at the input. The out¬ 
put line Lo has a characteristic 
impedance of 36 ohms and a 
length of about 1.8 inch. Power 
output is taken from the capaci¬ 
tor network loading this output 
line. The two rf chokes isolate 
the rf lines from the bias supply. 

The 2N5470 coaxial-line ampli¬ 
fier can supply a cw power out¬ 
put of 1.2 watts at a gain of 5 
dB and has a collector efficiency 
greater than 35 per cent. Fig. 
383 shows the variation in power 
output of the 2N5470 transistor 
as a function of frequency at the 
0.2-watt and 0.3-watt drive levels, 
and Fig. 384 shows the transis¬ 
tor power output and collector 
current as a function of drive 
power at the 2-GHz operating 
point. Because of the excellent 
input- and output-circuit isola¬ 
tion (within the 2N5470 transis¬ 
tor as well as in this coaxial- 
circuit design), the common-base 
circuit configuration shown in 
Fig. 382 is extremely stable. Im¬ 
proved efficiencies and power 
outputs can be expected by use 
of boron nitride dielectric-loaded 
‘‘heat sink'' lines, as discussed 
previously. 
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TYPE 



Cl = 0.8 to 10 pF, Johnason 4355, or equiv. 

C 2 = 1000 pF, feedthru, Allen-Bradley FB2B, 
or equiv. 

Cs = 0.3 to 3.5 pF, Johnason 4701, or equiv. 


C 4 = 0.35 to 3.5 pF, Johnason 4702, or equiv. 
Li, L 2 = RF choke, 3 turns No. 30 wire, 14$" 
ID, Yk" long 

Xi, X 2 Details given in (b) 


(b) 



Figure 382. 2-GHz power amplifier using the RCA-2N5470 coaxial transistor: (a) circuit 
schematic; (b) construction details. 



I 1.5 2 25 


FREQUENCY—GHz 

Figure 383. Power output as a function of 
frequency for the RCA-2N5470 transistor. 



POWER INPUT—W 


Figure 384. Power output as a function of 
input for the 2-GHz amplifier shown in 
Figure 382. 


COLLECTOR CURRENT—mA 
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FUNDAMENTAL-FREQUENCY 

OSCILLATORS 

Transistors capable of power 
amplification are also suitable for 
power oscillation. The most im¬ 
portant part of every oscillator is 
an element of amplification. It is 
then necessary only to provide a 
path that feeds back a part of the 
power output to the input in the 
proper phase, together with a 
source of dc power. The maximum 
frequency of oscillation, which is 
related to in a small-signal 

transistor, is usually difficult to 
define in a uhf or microwave 
power transistor because of the 
added parasitic elements. The cir¬ 
cuit-design approach for an os¬ 
cillator circuit is similar to that 
discussed previously for ampli¬ 
fier circuits. 


Basic Microwave 
Oscillator Circuits 

The parasitic elements of a 
transistor package can sometimes 
be used to form an economical 
microwave oscillator circuit. The 
high-frequency oscillations dis¬ 
cussed previously usually occur at 
a frequency close to the output 
frequency of the amplifier when 
the input power is removed. This 
form of instability can be at¬ 
tributed to the parasitic elements 
of the package which set up the 
frequency of oscillation with the 
intrinsic transistor. Such para¬ 
sitic elements can be used to form 
a transistor oscillator operated at 
microwave frequencies, provided 
the frequency of oscillation can 
be controlled. 

Fig. 385(a) shows a Colpitts 
transistor oscillator suitable for 
microwave applications. The in¬ 
ductance L and the capacitances 


Cl and C 2 can be considered as the 
parasitic elements of the package. 
Although the transistor configura¬ 
tion is not too well defined in this 
oscillator circuit, the device can be 
grounded in high-frequency op¬ 
eration at the collector, the base, 
or the emitter without effect on 
its performance. For example, a 
useful oscillator circuit can be de¬ 
rived from the basic Colpitts os¬ 
cillator by the use of a TO-39 
transistor. In Fig. 385(b), the 
collector of such a transistor is 
returned to ground through the 
collector parasitic inductance L. 
This connection is a convenient 
method of applying a heat sink to 
the collector, which is connected 
to the case in a TO-39 package. 
Output power is obtained from 
the base through capacitances C 3 
and C4. Fig. 385(c) shows an¬ 
other method of coupling power 
output from the oscillator. 



OUTPUT 

(c) 


Figure 385. Colpitts oscillator for use at 
microwave frequencies: (a) basic ac circuit 
configuration; (b) basic ac circuit with 
collector returned to ground through para¬ 
sitic inductance L and the output taken 
from base through capacitive voltage di¬ 
vider; (c) basic ac circuit with transformer 
coupled output. 
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L-Band Oscillators 

Fig. 386 shows the complete 
circuit diagram of a 1.68-GHz 
fundamental-frequency oscilla¬ 
tor which makes use of the RCA- 
2N5108 transistor. The collector 



Cl, C 2 = Variable capacitor, 0.35 to 3.5 pF, 
piston type 

Cs, C 4 = 470 pF, feedthru 
Li = Described in text 

RFC = 5 turns No. 28 wire. Vs" ID x V 2 " long 

Figure 386. 1.68-GHz fundamental-fre¬ 
quency oscillator using the RCA-2N5108 
transistor. 

of this transistor, which is pack¬ 
aged in a TO-39 case, is grounded 
to the ground plane of a 1/16- 
inch Teflon fiberglass microstrip¬ 
line board. Power output is taken 
from the base through a 0.75-inch 
section of 50-ohm microstripline 
and the capacitor network Ci and 
C 2 . This oscillator can supply 
more than 0.3 watt of power out¬ 
put at 1.68 GHz and has an effi¬ 
ciency of 20 per cent when op¬ 
erated from a supply voltage of 
25 volts. Fig. 387 shows the os¬ 
cillator output power as a func¬ 
tion of supply voltage. 

This basic oscillator circuit is 
useful at frequencies from 1 to 
2 GHz; only slight modifications 
in the length of the transmission¬ 
line Li are required to cover this 



Figure 387. Power output as a function of 
supply voltage for the 1.68-GHz oscillator 
shown in Fig. 386. 


range. For example, the line 
length is increased to 0.8 inch 
to obtain optimum circuit opera¬ 
tion at 1.5 GHz. An output power 
of 400 milliwatts (with a 24-volt 
supply) can be expected at this 
frequency. Another modification 
of interest (with the 0.8-inch 
line) is that optimum operation 
at 1.25 GHz is achieved simply 
by movement of capacitor C 2 to 
the position indicated by the 
dotted lines. Movement of this 
capacitor results in an improved 
output transformation network 
which can develop more than 800 
milliwatts of output power at 1.25 
GHz for operation from a 24- 
volt supply. 

The inductive element intro¬ 
duced by the line section Lj 
(Fig. 386) can be supplied by 
a high-Q varactor diode, as 
shown in Fig. 388. The bias sup¬ 
plied to this varactor, in effect, 
electrically varies this inductive 
component so that broadband os¬ 
cillator tuning is possible. The 
output capacitor network, Ci 
and C 2 , which is used to trans¬ 
form a relatively small load-line 
impedance to the 50 ohms of the 
output port, could be replaced 
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RFC = 0.1 /xH 

Cl, C 2 = 1 to 7 pF, piston capacitors 
C 3 , Cl, Cr. =: 470 pF, feedthru 
Var. = Described in text 

Figure 388. Wideband Varactor-tuned L-Band 
Oscillator using the RCA-2N5108 transistor. 

with an inductive-reactive di¬ 
vider-network, such as a tapped 
transmission line or helical co¬ 
axial line. Tests, in which a 
cartridge-type silicon microwave 
varactor is used in this circuit, 
show a relatively constant power 
output of 600 milliwatts over the 
range of 1.0 to 1.5 GHz. The bias 
on this particular varactor 
ranges between 0 and 22 volts 
for the specified tuning range, 
and a transistor collector supply 
of 28 volts is used. 

S-Band Oscillators 

The RCA-2N5470 coaxial tran¬ 
sistor, although designed for 
stable operation at 2.3 GHz in 
the common-base amplifier mode, 
can also deliver a power output 
of 0.3 watt at 2.3 GHz in an os¬ 
cillator. In oscillator applica¬ 
tions of the 2N5470, advantage 
is taken of the very low parasitic 
elements in this transistor to 


simplify circuit requirements, 
e.g., essentially lumped-constant 
S-band circuits can be designed 
around this unit. However, be¬ 
cause of the low feedback capaci¬ 
tances of this transistor, external 
feedback loops are generally 
needed for stable oscillation at 
S-band frequencies. 

Fig. 389 shows a simple 
lumped-constant circuit that 
uses the 2N5470 transistor. The 
circuit is tunable over the fre¬ 
quency range of 1.8 to 2.3 GHz. 

+vcc 



Cl = 0.82 pF, "gimmick" capacitor (manufac¬ 
tured by Quality Components, Inc. St. Mary's, 
Pa.) 

C 2 , Cs = 100 pF, Allen-Bradiey FA5C or equiv. 

C 4 = 0.01 pF, disc ceramic 

Cs, Ce = Trimmer capacitor 0.35 to 3.5 pF, 
Johanson Type 4702 or equiv. 

Li = 0.05" length of No. 22 wire 

L 2 , L 3 = 4 turns 7-mil wire, .062" ID x long 

Ri = 51 ohms, 1/2 watt 

R 2 = 1200 ohms, 1/2 watt 

Rs = 5 to 10 ohms, 1/2 watt 

Figure 389. Lumoed-constant 2-GHz oscil¬ 
lator circuit using the RCA-2N5470 tran¬ 
sistor. 


Power output at 2 GHz is typi¬ 
cally 0.3 watt with a 24-volt sup¬ 
ply, and circuit efficiency is in 
the order of 16 per cent at this 
frequency. The collector is 
grounded, and power output is 
taken from the base circuit. All 
leads must be kept short for 
best high-frequency response. 
The “gimmick” capacitor Ci 
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forms a necessary part of the 
feedback loop of the circuit. The 
circuit is basically a Hartley 
type of oscillator in that induc¬ 
tor Li and the parasitic induct¬ 
ance of Cl make up a tapped 
inductor in this feedback loop. 
Tuning is achieved largely by 
adjustment of capacitor Cg, and 
capacitor C 5 is adjusted to main¬ 
tain the output match over the 
tuning range. 

Figure 390 shows the use of 
the 2N5470 transistor in a Col- 
pitts type of microstripline os¬ 
cillator circuit that operates 



Cl, C 2 = 0.35 to 3.5 pF, Johanson Type 4702 or 
equiv. 

Cs, Cl = TOO pF, Allen-Bradley Type 5A5C or 
equiv. 

Li = microstrip line; = 0.70" long x 0.30" wide 
strip; mounted on V 32 ” Teflon fiberglass board 
La = microstrip line; = 0.43" long x 0.080" wide 
strip; mounted on Yzz" teflon fiberglass board 
La = 5 turns 7-mil wire, 0.062" ID x long 
Li = 50-ohm miniature coaxial line, 1.5" long 

Figure 390. Microstrioline 2-GHz oscillator 
circuit using the RCA-2N5470 transistor. 


over the frequency range of 1.8 
to 2.2 GHz. In this circuit, the 
base of the transistor is directly 
grounded to the ground plane of 
the stripline board, and collector 
heat is dissipated to this board 
through a beryllium oxide insu¬ 
lating washer. The necessary 
feedback is provided by the 


phase-resonant loop provided by 
line section L 4 and capacitor Ci. 
The output line section L 2 makes 
use of standard microstripline 
techniques to provide the neces¬ 
sary reactance to tune out the 
output capacitance; line section 
Lj is a quarter-wave transformer 
which transforms the real part 
of the collector load impedance 
to about 50 ohms. This circuit 
can also provide about 0.3 watt 
of output power at 2 GHz when 
operated from a 24-volt supply. 


FREQUENCY MULTIPLIERS 

Operation of the overlay tran¬ 
sistor in the harmonic-frequency 
mode can extend the upper limit 
of the frequency range far beyond 
that possible from the same tran¬ 
sistor operating in the fundamen¬ 
tal-frequency mode. A further 
advantage of the harmonic mode 
of operation is that frequency 
multiplication and power amplifi¬ 
cation can be realized simultane¬ 
ously. An overlay transistor oper¬ 
ating in this mode provides power 
amplification at the fundamental 
frequency of the input-drive 
power, and the nonlinear capaci¬ 
tance of the collector-to-base junc¬ 
tion, acting as a varactor, gener¬ 
ates harmonics of the input-drive 
frequency. It is possible, there¬ 
fore, to use a single transistor to 
replace a transistor power ampli¬ 
fier and a varactor-diode fre¬ 
quency multiplier. In comparison 
with varactor frequency-multiplier 
circuits, the transistor multiplier 
is simpler, less costly, and equally 
efficient. It is anticipated that this 
mode of operation permits ex¬ 
tension of the available frequency 
spectrum for overlay transistors 
by a factor of two. 



High-Frequency Power Amplifiers 
Transistor Considerations 

An overlay transistor used in a 
frequency-multiplier circuit oper¬ 
ates simultaneously as a power 
amplifier to provide gain at the 
fundamental frequency of the in¬ 
put driving power and as a varac¬ 
tor diode to generate harmonics 
of the driving power frequency. 
Thus, two mechanisms provide 
amplification and frequency multi¬ 
plication in overlay transistors: 
one capable of gain at the funda¬ 
mental frequency, and the other in 
which the collector-base capaci¬ 
tance serves as a varactor capable 
of frequency multiplication. Tran¬ 
sistors suitable for multiplier ap¬ 
plications must be capable of de¬ 
livering power with gain at the 
fundamental frequency and of 
converting the power from the 
fundamental frequency to a har¬ 
monic frequency. A good multi¬ 
plier transistor, therefore, must 
first be a good uhf transistor ca¬ 
pable of high power output, gain, 
and efficiency. In addition, its var¬ 
actor section should have mini¬ 
mum losses to provide maximum 
conversion efficiency. 

The figure of merit for the 
amplifier portion of the transistor 
in which parasitic elements are 
not included is given by the max¬ 
imum frequency of oscillation 
fmax follows: 

fmax = (PG)^ f 

= [(l/87r)(l/rbb'Ccrec)] (316) 

where PG is the power gain, f is 
the fundamental frequency of op¬ 
eration, Tbb' is the intrinsic base¬ 
spreading resistance, Cc is the col¬ 
lector capacitance, and Tec is the 
emitter-to-collector transit or sig¬ 
nal-delay time. 


367 

The efficiency of the varactor 
portion formed by the collector- 
base junction is determined by the 
cutoff frequency fycB ^s follows: 

fvCB = l/pTT Cmin (rb'+rs)] (317) 

where Cnibi is the minimum col- 
lector-to-base capacitance and rg 
is the collector series resistance. 

Fig. 391 shows a cross-sectional 
view of an overlay transistor that 
indicates the capacitance and loss 
distributions. Fig. 392 shows how 
the varactor portion separates 
from the intrinsic transistor por¬ 
tion. The collector-to-base capaci¬ 
tance consists of two parts. The 
major part, which comprises the 



N+ SUBSTRATE 

Figure 391. Cross-sectional view of an 
overlay transistor indicating the capaci¬ 
tance and loss distributions. 

active portion of the varactor, con¬ 
sists of the capacitance formed by 
the part of the collector-to-base 
junction that is not opposite emit¬ 
ter sites. This part of the capaci¬ 
tance is called the outer collector 
capacitance Cbc- The second part 
consists of the part of the collec¬ 
tor-to-base junction that is oppo¬ 
site the emitter-to-base junction. 
This part is called the inner col¬ 
lector capacitance Cb'c- The outer 
capacitance Cbc is a much more 
efficient varactor than the inner 
capacitance Cb'c because Cb'c 
to charge and discharge through 
both the intrinsic and the extrin- 
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sic base-spreading resistance r^b' 
and rb', as well as through the 
series resistance while Cbc can 
charge and discharge through only 
rb' and r^^. Because the intrinsic 
base-spreading resistance rbb' is 
much greater than the extrinsic 
base-spreading resistance rb, the 
cutoff frequency fycB is much 
larger in the active varactor por¬ 
tion represented by Cbc than in 
the Cb'c portions. The difference 
in rb' and rbb' results from the 
use of different sheet resistances 
in the two areas. Another unique 
feature of the overlay transistor is 
that the emitter area is much 
smaller than the base area. As a 
result, the inefficient portion of 
the varactor formed by the col- 
lector-to-base junction opposite 
the emitter sites is almost negli¬ 
gible because of the reduced emit¬ 
ter area. 

The varactor cutoff frequency 
fycB is also maximized by use of 
minimum collector series resis¬ 
tance r^o- This resistance is kept 
to a minimum by the n—n+ epi¬ 
taxial structure used for the col¬ 
lector region. The n-type epitaxial 
layer forms the dominant part of 
the collector series resistance. The 
thickness of this layer is kept to 
the minimum value that provides 
the required collector-to-base 
breakdown voltage. 

Because of the features de¬ 
scribed above, varactor loss is 
minimized in overlay transistors 
and, therefore, high conversion 
efficiency can be achieved. The in¬ 
herent varactor frequency-multi- 
plication ability of the collector-to- 
base junction capacitance, added 
to the excellent frequency capa¬ 
bility of these transistors, has 
made possible the use of overlay 
devices as efficient frequency mul¬ 
tipliers. 


Operation 

The outer collector capacitance 
Cbc shown in Fig. 392 varies non- 
linearly with the transistor col¬ 
lector voltage in much the same 
way as the capacitance of a varac¬ 
tor diode varies with the voltage 
across the diode junction. This 



Figure 392. Circuit showing the nonlinear 
impedance factors that maKe possible fre¬ 
quency multiplication with overlay 
transistors. 


variable junction capacitance 
makes possible harmonic genera¬ 
tion in overlay transistor circuits. 
The nonlinear relationship be¬ 
tween the collector-to-base capaci¬ 
tance Cbc collector bias 

voltage in overlay transistors may 
be expressed as follows: 

Cbc = K (0-V)-" (318) 

where K is a constant determined 
by the area and doping of the 
junction, 9 is the contact poten¬ 
tial, V is the magnitude of the 
collector reverse-bias voltage, and 
the exponent n is a constant de¬ 
termined by the impurity distribu¬ 
tion on both sides of the junction. 

Figure 393 shows the variation 
in the collector-to-base capacitance 
Cbc a function of the collector 
bias voltage Vbc- However, this 
form of capacitance-voltage curve 
is difficult to apply directly in the 
analysis of high-frequency, high- 
power transistor circuits. Because 
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Figure 393. Collector-to-base capacitance 
Cbc as a function of collector bias in 
overlay transistors. 


power is the product of current 
and voltage swings in the transis¬ 
tor. The transistor current can be 
related to the collector-to-base ca¬ 
pacitance if the charge Q across 
the junction is known. Because 
dQ/dV = C(V), the charge Q can 
be determined as follows: 


Q = / Cbc dV (319) 

If the capacitance is defined 
as in Eq. (317), the integration 
indicated in Eq. (318) can be 
performed with respect to the 
voltage V to obtain the charge. 
The result of this integration, 
shown in Fig. 394, shows the 
variation in the charge Q as a 
function of the voltage 

If a sinusoidal voltage such as 
that shown in Fig. 395(a) is de¬ 
veloped by the amplifier section of 
the overlay transistor to drive the 



Figure 394. The charge Q in the collector- 
lo-base junction as a function of collector- 
to-base voltage in an overlay transistor. 


nonlinear capacitance a highly 
distorted charge (or current) 
waveform is produced because of 
the nonlinear charge-voltage char¬ 
acteristics of the capacitance. This 


waveform, shown in Fig. 395(b), 
contains components of the funda¬ 
mental frequency and of harmonic 
frequencies. Power output at the 
desired harmonic is obtained when 
suitable selective circuits are cou¬ 
pled to the collector of the tran¬ 
sistor. In an actual circuit, the 
driving voltage developed by the 
transistor contains both funda¬ 
mental-frequency and harmonic- 
frequency components. 



Figure 395. (a) Sinusoidal voltage de¬ 
veloped by the amplifier section of an 
overlay transistor to drive the nonlinear 
collector-to-base capacitance; (b) distorted 
charge, or current, waveform produced by 
the nonlinear collector-to-base capacitance 
of an overlay transistor In the generation 
of harmonic power. 


Basic Transistor Frequency- 
Multiplier Circuits 

Overlay transistors used in fre¬ 
quency multipliers may be con¬ 
nected in either common-base or 
common-emitter circuit configura¬ 
tions. In the common-base transis¬ 
tor frequency multiplier, harmonic 
generation is accomplished in es¬ 
sentially the same way as in a 
shunt-type varactor frequency 
multiplier because the nonlinear 
collector-to-base capacitance of the 
transistor is connected in shunt 
with the input circuit. In the 
common-emitter transistor fre¬ 
quency multiplier, the nonlinear 
capacitance is connected in series 
with the input; the operation of 
the transistor circuit is then simi- 
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lar to that of the series-type varac¬ 
tor frequency multiplier. 

Fig. 396 shows the basic circuit 
configuration for the use of an 
overlay transistor in a common- 
base frequency doubler. A T 
matching network, or other type 
of matching section, must be used 
in the input of the doubler to set 
up a conjugate match across the 
emitter-to-base terminals of the 
transistor at the fundamental fre¬ 
quency of the input driving power. 
This conjugate match is required 
to obtain a maximum transfer of 



Figure 396. Basic configuration for use of 
an overlay transistor m a common-base 
frequency doubler. 

power from the driving source to 
the transistor. Because gain at the 
fundamental frequency is of pri¬ 
mary importance, an idler circuit 
must be connected between the 
collector and base of the transis¬ 
tor. The idler loop, which con¬ 
sists of a simple series LC circuit, 
resonates with the transistor col- 
lector-to-base capacitance at the 
fundamental frequency and thus 
enhances the flow of fundamental 
current through the transistor. 
The idler circuit also develops the 
driving voltage required by the 
nonlinear collector-to-base capaci¬ 
tance for the generation of har¬ 
monic power. A suitable output 
circuit, which is series-tuned to 
select output power at the second 
harmonic of the input frequency, 
completes the basic doubler cir¬ 
cuit. In some circuits, an output 
trap must be added to restrict the 
flow of fundamental-frequency 
current in the output loop. 

Fig. 397 shows the basic cir¬ 
cuits for the use of an overlay 


transistor in the common-base 
frequency tripler and quad- 
rupler, respectively. These cir¬ 
cuits are very similar to the 
common-base doubler, except that 
an additional second-harmonic 
idler loop is connected in shunt 
with the transistor collector. 
The second-harmonic components 
produced by this idler loop beat 
with the fundamental-frequency 
components to generate addi- 



Figure 397. Basic configurations for use 
of an overlay transistor m a common-base 
frequency tripler (a) and frequency 
quadrupler (b). 

tional harmonic outputs. In this 
way, the second-harmonic idler 
loop enhances the conversion 
efficiency. When an overlay-tran¬ 
sistor frequency multiplier is used 
in a common-emitter circuit, an 
additional series resonant circuit 
must be incorporated in the input. 
Otherwise, the input, output, and 
idler circuits of common-emitter 
multipliers follow the considera¬ 
tions already described for the 
common-base multipliers. 


Design of Transistor 
Frequency Multipliers 

The design of transistor fre¬ 
quency-multiplier circuits gener¬ 
ally consists of the selection of a 
suitable transistor and the design 
of proper filtering and matching 
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networks for optimum circuit per¬ 
formance. 

Transistors suitable for this 
application must provide the de¬ 
sired output power and gain at 
the fundamental frequency and 
must be able to convert the power 
from the fundamental frequency 
into power at the desired harmonic 
frequency. If a lossless circuit 
were coupled to a lossless non¬ 
linear capacitance Cbc, power at 
the fundamental frequency could 
be converted into power at any 
harmonic frequency with 100-per¬ 
cent conversion efficiency. In prac¬ 
tice, however, efficiency is limited 
by the series resistance associated 
with the nonlinear capacitance and 
the circuit losses. It can be con¬ 
sidered that the harmonic output 
power of a transistor multiplier 
circuit, at a given input power 
level, is equal to the product of the 
power gain of the transistor at 
the drive frequency and the con¬ 
version efficiency that results from 
the varactor action of the collec- 
tor-to-base capacitance C^c. Con¬ 
version gain can be obtained only 
if the power gain of the transistor 
under consideration at the funda¬ 
mental frequency is larger than 
the conversion loss. 

In the design of such circuits, 
the input impedance at the funda¬ 
mental frequency that exists at the 
emitter-to-base junction of the 
transistor as well as the load im¬ 
pedance presented to the collector 
at both the fundamental and har¬ 
monic frequencies must be known. 
Knowledge of the collector load 
impedance at the harmonic fre¬ 
quency is required for design of 
the output circuit. Knowledge of 
the collector impedance at the fun¬ 
damental frequency is needed to 
determine the input impedance of 
the transistor at that frequency so 
that matching networks can be 


designed between the driving 
source and the transistor. The 
three impedances, of course, are 
interrelated and are functions of 
operating power level (i.e., are 
determined by voltage and current 
swings). These dynamic imped¬ 
ances can be determined experi¬ 
mentally as described in the sec¬ 
tion on Microwave Amplifiers and 
Oscillators. Once the impedances 
are established, the design of the 
matching networks is straightfor¬ 
ward. For the input circuit, a 
matching section having low-pass 
characteristics is preferred; for 
the output circuit, a matching sec¬ 
tion having high-pass or band-pass 
characteristics is preferred. Such 
arrangements assure good isola¬ 
tion between input and output cir¬ 
cuits. As the frequency of opera¬ 
tion increases above 800 MHz, the 
design of transistor multiplier cir¬ 
cuits requires the use of distri¬ 
buted circuit techniques. 


Stability and Biasing 
Considerations 

In general, the major problem 
of nonlinear devices is stability. 
Various types of instabilities can 
be incurred in transistor frequen¬ 
cy-multiplier circuits, including 
hysterisis, low-frequency oscilla¬ 
tions, parametric oscillations, and 
high-frequency oscillations. These 
difficulties can be eliminated or 
minimized by careful design of 
the bias circuit, by proper loca¬ 
tion of transistor ground connec¬ 
tions, and by the use of packages 
that have minimum parasitic ele¬ 
ments. 

Hysteresis refers to discontinu¬ 
ous mode jumps in output power 
that occur when the input power 
or frequency is increased or de- 
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creased. This effect is caused by 
the dynamic detuning which re¬ 
sults from variation in the aver¬ 
age value of the nonlinear capaci¬ 
tance with rf voltage. The tuned 
circuit has a different resonant 
frequency for a strong drive input 
than for a weak drive input. It 
has been found experimentally 
that hysteresis effects can be mini¬ 
mized, or sometimes eliminated, 
when the transistor is used in a 
common-emitter configuration. 

Low-frequency oscillations oc¬ 
cur because the gain of the tran¬ 
sistor at low frequency is much 
higher than that at the operating 
frequency. This effect can be elim¬ 
inated by use of a small resistance 
in series with the rf chokes used 
for the biasing circuit, as shown 
in Fig. 398. 

Parametric oscillations result 
because spurious low-frequency 
modulation is added to the har¬ 
monic output. This effect can be 
eliminated by careful selection of 
the bypass capacitance C 2 in Fig. 
398 to provide a low impedance to 
the spurious component in addi¬ 
tion to that provided by the rf 
bypass capacitance Cj. 



Figure 398. Circuit showing biasing tech¬ 
niques and bypassing capacitances used 
to eliminate instabilities in common-emitter 
frequency multipliers. 


High-frequency oscillation is in¬ 
dicated by oscillations that occur 
at a frequency very close to the 
output frequency when the input 
drive power is removed. With a 
TO-60 package transistor, com¬ 
mon-emitter circuits are found to 
be less critical in this respect than 
common-base circuits. The high- 
frequency oscillations are also 
found to be strongly related to the 
input drive frequency. This type 
of instability can be eliminated if 
the input frequency is kept below 
certain values. The input fre¬ 
quency at which stable operation 
can be obtained seems to depend 
upon the method of grounding 
the emitter of the transistor. The 
highest frequency of operation 
can be obtained when the emitter 
has the shortest path to ground. 

In practice, stable and reliable 
operation of transistors in fre¬ 
quency multipliers has been suc¬ 
cessfully obtained. The circuits 
discussed in this section are all 
stable frequency-multiplier cir¬ 
cuits. 


The 2N4012 Transistor 

The 2N4012 power transistor is 
characterized for frequency-multi- 
plication applications and can pro¬ 
vide a minimum power output of 
2.5 watts as a frequency tripler at 
an output frequency of 1 GHz and 
a collector efficiency of 25 per 
cent. This overlay transistor is 
designed to operate in military and 
industrial communications equip¬ 
ment as a frequency multiplier in 
the uhf or L-band range. It can 
be operated as a doubler, tripler, 
or quadrupler to supply a power 
output of several watts at fre¬ 
quencies in the low gigahertz 
range. 
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Fig. 399 shows the power-out¬ 
put capabilities as a function of 
output frequency for a typical 
2N4012 transistor used in com¬ 
mon-emitter circuit configurations 
for frequency doubling, tripling, 
and quadrupling. In a common- 
emitter doubler circuit, the tran¬ 
sistor delivers power output of 3.3 
watts at 800 MHz with a conver¬ 
sion gain of 5 dB. In a common- 
emitter tripler circuit, it can 
supply power output of 2.8 watts 
at 1 GHz with a conversion gain 



Figure 399. Power output of the RCA- 
2N4012 overlay transistor as a function of 
frequency when operated in common- 
emitter doubler, tripler and quadrupler 
circuits. 


of 4.5 dB. In a common-emitter 
quadrupler circuit, it can provide 
power output of 1.7 watts at 1.2 
GHz with a conversion gain of 
2.3 dB. 

It is of interest that the tran¬ 
sistor frequency multipliers pro¬ 
vide greater power outputs at 
higher output frequencies than 
the unity-gain output obtained 
from the transistor power ampli¬ 
fier at 700 MHz. When the fre¬ 
quency of operation is low enough 
so that the transistor can supply 
rf power with substantial gain, 
the output capabilities of the 
transistor frequency multipliers 


are essentially the same as those 
of the transistor power amplifier. 
For operation at the same output 
frequency and with the same in¬ 
put driving power, approximately 
equal amounts of power output can 
be obtained. 

Fig. 399 shows that the amount 
of power output that can be sup¬ 
plied by a transistor frequency 
multiplier depends upon the or¬ 
der of multiplication. For a given 
multiplier circuit, the highest 
output power is obtained at the 
frequency for which the product 
of power gain and conversion 
efficiency has the largest value. 
When a 2N4012 overlay transis¬ 
tor is used, maximum power out¬ 
put is obtained at 800 MHz from 
a doubler circuit, at 1 GHz from 
a tripler circuit, and at 1.3 GHz 
from a quadrupler circuit. 

The circuit arrangements and 
performance data shown in this 
section illustrate several practical 
frequency-multiplier circuits that 
use the 2N4012 and other RCA 
overlay transistors. These circuits 
include a 400-to-800-MHz doubler, 
a 150-to-450-MHz tripler, a 367- 
to-llOO-MHz tripler, and a 420-to- 
1680-MHz quadrupler. As men¬ 
tioned previously, the design of 
multiplier circuits that have an 
output frequency of 800 MHz or 
higher requires the use of dis¬ 
tributed-circuit techniques. All 
such high-frequency circuits de¬ 
scribed use coaxial-cavity output 
circuits. These circuits are dis¬ 
cussed first. The low-frequency 
circuits, which use lumped-element 
output circuits, are then described. 


400-To>800-MHz Doubler 

Fig. 400 shows the complete cir¬ 
cuit diagram of a 400-to-800-MHz 
doubler that uses the 2N4012 tran- 
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sistor. This circuit uses lumped- 
element input and idler circuits 
and a coaxial-cavity output circuit. 


The curve is nearly linear at a 
power output level between 0.9 
and 2.7 watts. The power output 


400 MHz +28 V 



Figure 400. 400-to-800-MHz common-emitter 
transistor frequency multiplier. 


The transistor is placed inside the 
cavity with its emitter properly 
grounded to the chassis. A pi sec¬ 
tion (Cl, C2, Li, Lo, and C3) is 
used in the input to match the 
impedances, at 400 MHz, of the 
driving source and the base-emit¬ 
ter junction of the transistor. L 2 
and C 3 provide the necessary 
ground return for the nonlinear 
capacitance of the transistor. L 3 
and C 4 form the idler loop for the 
collector at 400 MHz. The output 
circuit consists of an open-ended 
1 %-inch-square coaxial cavity. A 
lumped capacitance C 5 is added in 
series with a %-inch hollow-center 
conductor of the cavity near the 
open end to provide adjustment 
for the electrical length. Power 
output at 800 MHz is obtained by 
direct coupling from a point near 
the shorted end of the cavity. The 
bias arrangement is the same as 
that used in the circuit shown in 
Fig. 400. 

Fig. 401 shows the power out¬ 
put at 800 MHz as a function of 
the power input at 400 MHz for 
the doubler circuit, which uses a 
typical 2N4012 operated at a col¬ 
lector supply voltage of 28 volts. 



Figure 401. Output power and collector 
efriciency as a function of input power for 
the 400-to-800-MHz frequency doubler. 


is 3.3 watts at 800 MHz for an 
input drive of 1 watt at 400 MHz, 
and rises to 3.9 watts as the input 
drive increases to 1.7 watts. The 
collector efficiency, which is de¬ 
fined as the ratio of the rf power 
output to the dc power input at 
a supply voltage of 28 volts, is 
also shown in Fig. 401. The effi¬ 
ciency is 43 per cent measured at 
an input power of 1 watt. The 3- 
dB bandwidth of this circuit meas¬ 
ured at power output of 3.3 watts 
is 2.5 per cent. The fundamental- 
frequency component measured at 
a power-output level of 3.3 watts 
is 22 dB down from the output 
carrier. Higher attenuations of 
spurious components can be 
achieved if more filtering sections 
are used. 

The variation of power output 
with collector supply voltage at an 
input drive level of 1 watt is 
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shown in Fig. 402. This curve is 
obtained with the circuit tuned at 
28 volts. The curves of Figs. 401 
and 402 indicate that the transis¬ 
tor amplifier-multiplier circuit is 
capable of amplitude modulation. 



Figure 402. Power output as a function of 
supply voltage for the 400-to-800-IVlHz fre¬ 
quency doubler. 


367-To-llOO-MHz Tripler 

The 367-to-llOO-MHz tripler 
shown in Fig. 403 is essentially 
the same as the doubler shown in 
Fig. 400 except that an additional 
idler loop, (L 4 , Co) is added in 
shunt with the collector of the 
transistor. This idler loop is reso¬ 
nant with the transistor junction 
capacitance at the second har¬ 
monic frequency (734 MHz) of 
the input drive. 

Fig. 404 shows the power out¬ 
put of the tripler at 1.1 GHz as a 
function of the power input at 
367 MHz. This circuit also uses a 
typical 2N4012 transistor oper¬ 
ated at a collector supply voltage 
of 28 volts. The solid-line curve 
shows the power output obtained 
when the circuit is retuned at each 
power-input level. The dashed-line 


+ 28V 



Figure 403. 367-MHz-to-l.l-GHz common- 
emitter transistor frequency tripler. 


curve shows the power output ob¬ 
tained with the circuit tuned at 
the 2.9-watt output level. A power 
output of 2.9 watts at 1.1 GHz is 
obtained with drive of 1 watt at 
367 MHz. The 3-dB bandwidth 
measured at this power level is 
2.3 per cent. The spurious-fre¬ 
quency components measured at 



Figure 404. Power output as a function 
of power input for the 367-MHz-to-l.l-GHz 
frequency tripler. 
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the output are as follows: —22dB 
at 340 MHz, -30dB at 680 MHz, 
-35dB at 1360 MHz. 

The variation of power output 
with collector supply voltage at an 
input drive level of 1 watt is 
shown in Fig. 405. The variation 
of collector efficiency is also 
shown. These curves were ob¬ 
tained with the circuit tuned at 
28 volts. 



Figure 405. Power output as a function of 
collector supply voltage for the 367-IVlHz- 
to-l.l-GHz frequency tripler. 


input level (1 watt). The efficiency 
varies between 60 to 75 per cent, 
and has an average value of 65 
per cent; this performance is com¬ 
parable to that of a good varactor 
multiplier in this frequency range. 

A similar tripler circuit that 
uses a selected 2N3866 and that 
is operated from 500 MHz to 1.5 
GHz can deliver a power output 
of 0.5 watt at 1.5 GHz with an 
input drive of 0.25 watt at 500 
MHz. 

150"To-450-MHz Tripler Circuit 

Fig. 406 illustrates the use of 
the 2N4012 transistor in a 150-to- 
450-MHz frequency tripler. The 
input coupling network is designed 



A 367-MHz amplifier that used 
the same circuit configuration and 
components as those of the tripler 
circuit shown in Fig. 403 was 
constructed to compare the per¬ 
formance between amplifier and 
tripler. The conversion efficiency 
for a large number of tripler units 
was then measured. The conver¬ 
sion efficiency of the tripler is de¬ 
fined as the 1.1-GHz power ob¬ 
tained from the tripler divided by 
the 367-MHz power obtained from 
the amplifier at the same power- 


Figure 406. 150-to-450-MHz common-emitter 

transistor frequency tripler. 

to match the driving generator to 
the base-to-emitter circuit of the 
transistor. The network formed by 
C 2 and Lo provides a ground re¬ 
turn for harmonic output current 
at 450 MHz. The idler network in 
the collector circuit (L3, L4, and 
C4) is designed to circulate funda¬ 
mental and second-harmonic com¬ 
ponents of current through the 
voltage-variable collector-to-base 
capacitance, The network 
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formed by C-,, C(;, C 7 , L 5 , and 
provides the required collector 
loading for 450-MHz power out¬ 
put. Fig. 407 shows the 450-MHz 
power output of the tripler as a 
function of the 150-MHz power 
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Figure 407. Power output as a function of 
power input for the 150-to-450-MHz fre¬ 
quency tripler. 

input. For driving power of one 
watt, power output of 2.8 watts 
is obtained at 450 MHz. The re¬ 
jection of fundamental, second, 
and fourth harmonics was mea¬ 
sured as 30 dB below the 2.8-watt, 
450-MHz level. The variation of 
power output with supply voltage 
is shown in Fig. 408. 


Common-Emitter and 
Common-Base Circuits 

The performance data in this 
section are given for amplifier- 
multipliers in which the transistor 
is connected in a common-emitter 
configuration. When transistors 
are used in common-base circuit 
configurations, different results 



DC COLLECTOR-TO-EMITTER VOLTS—V 

Figure 408. Power output as a function of 
collector supply voltage for the 150-to-450- 
MHz frequency tripler. 

are obtained. Fig. 409 shows 
curves of power output and effi¬ 
ciency for a common-base and a 
common-emitter tripler circuit us¬ 
ing a 2N4012 transistor. At low 
power levels, the common-base 
tripler provides higher gain and 
collector efficiency; at high power 
levels, higher gain and collector 
efficiency are provided by the 
common-emitter circuit. At a 
power input of 1 watt at 367 MHz, 
the common-emitter tripler deliv¬ 
ers a power output of 2.9 watts 
at 1.1 GHz and the common-base 
circuit an output of 2.4 watts. 
The collector efficiencies for both 
circuits are approximately the 
same and are better than 30 per 
cent. The 3-dB bandwidth mea¬ 
sured in the common-emitter trip¬ 
ler is 2.3 per cent, as compared 
to 2.5 per cent in a common-base 
tripler. The major difference be¬ 
tween the two circuits is that the 
power output of the common-emit¬ 
ter tripler saturates at a much 
higher power-input level than that 
of the common-base circuit. This 
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(a) (b) 

Figure 409. Comparison of performance characteristics of common-base and common- 
emitter tripler circuits using the RCA-2N4012 transistor: (a) Power output as a function 
of power input; (b) collector efficiency as a function of power input. 


effect has also been observed in a 
straight-through amplifier. In ad¬ 
dition, the common-emitter circuit 
is less sensitive to hysteresis and 
high-frequency oscillations, as dis¬ 
cussed previously. 

A 420-MHz-To-1.68-GHz 
Oscillator-Quadrupler 

The inherent varactor frequen¬ 
cy-multiplication ability in overlay 
transistors also permits use of 
these devices as oscillator-multi¬ 
pliers. Fig. 410 shows an oscilla- 
tor-quadrupler circuit that uses a 
selected 2N3866 transistor. This 
circuit can deliver a power output 
of more than 300 milliwatts at 
1.68 GHz. The first two rf chokes 
and the resistors Kj and R 2 form 
the bias circuit. The fundamental 


frequency of the oscillator is 420 
MHz, as determined by Cq, Li, and 
Cl. L 2 and C 2 form the second- 
harmonic idler. The second-har¬ 
monic component produced by this 
idler circuit beats with the funda¬ 
mental-frequency component to 
generate additional fourth-har¬ 
monic components. A series-tuned 
circuit consisting of L 3 and C 3 
completes the output circuit. 
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S ILICON power transistors offer 
many advantages when used 
in the power-output and driver 
stages of high-power audio ampli¬ 
fiers and in applications such as 
ultrasonic generators, servomecha¬ 
nism control systems, inverters, 
and automobile ignition systems. 
In these applications, silicon tran¬ 
sistors can be used, over a wide 
range of ambient temperatures, to 
develop power output of tens of 
watts to drive loudspeakers, ultra¬ 
sonic transducers, or servo mo¬ 
tors. Alternatively, silicon-transis¬ 
tor amplifiers may be required to 
increase the output of some type 
of transducer to a level at which 
it may be used to control some 
process or indicator. 

GENERAL CONSIDERATIONS 

Transistor power amplifiers may 
be designed for operation in 
either linear or pulsed (switch¬ 
ing) service. In pulsed service, 
the transistors are switched, usu¬ 
ally in response to a control signal, 
between cutoff and saturation to 
develop a rectangular-wave out¬ 
put. This switching may be sym¬ 
metrical to provide equal ON and 
OFF times, or may be asymmetri¬ 
cal for increased or decreased 
ratios of ON time to OFF time as 
determined by the control func¬ 
tion desired. In linear service, the 


circuit designer can select any 
one of three basic classes of oper¬ 
ation for the transistors. This 
selection is dictated by a combina¬ 
tion of such factors as required 
power output, dissipation capa¬ 
bility, efficiency, gain, and distor¬ 
tion characteristics. 

Classes of Operation for 
Linear Amplifiers 

The three basic classes of oper¬ 
ation (class A, class B, and class 
C) for linear transistor amplifiers 
are defined by the operating point 
of the transistor. In class A oper¬ 
ation, the active element conducts 
for the entire input cycle. In 
class B operation, the active ele¬ 
ment conducts for 180 degrees of 
an input cycle and is cut off dur¬ 
ing the remainder of the time. In 
class C operation, the active ele¬ 
ment conducts for some amount 
less than 180 degrees of an input 
cycle. The following paragraphs 
discuss the distinguishing fea¬ 
tures of class A and class B oper¬ 
ation. In general, because of the 
high harmonic distortion intro¬ 
duced as a result of the short con¬ 
duction angle, class C operation is 
used primarily in rf-amplifier ap¬ 
plications in which it is practical 
to use tuned output circuits to 
eliminate the harmonic compo¬ 
nents. For this reason, class C 
operation is not discussed further. 
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Class A Operation—Class A 
amplifiers are used for linear 
service at low power levels. When 
power amplifiers are used in this 
class of operation, the amplifier 
output is usually transformer- 
coupled to the load circuit, as 
shown in Fig. 411. At low power 
levels, the class A amplifier can 
also be coupled to the load by re¬ 
sistor, capacitor, or direct cou¬ 
pling techniques. 



Figure 411. Basic class A, transformer- 
coupled amplifier. 


There is some distortion in a 
class A stage because of the non¬ 
linearity of the active device and 
circuit components. The maximum 
efficiency of a class A amplifier is 
50 per cent; in practice, however, 
this efficiency is not realized. The 
class A transistor amplifier is usu¬ 
ally biased so that the quiescent 
collector current is midway be¬ 
tween the maximum and minimum 
values of the output-current 
swing. Collector current, there¬ 
fore, flows at all times and imposes 
a constant drain on the power 
supply. The consistent drain is a 
distinct disadvantage when higher 
power levels are required or opera¬ 
tion from a battery is desired. 

Class B Operation—Class B 
power amplifiers are usually used 
in pairs in a push-pull circuit be¬ 
cause conduction is not maintained 
over the complete cycle. A circuit 
of this type is shown in Fig. 412. 



Figure 412. Basic class B, push-pull trans¬ 
former-coupled amplifier. 


If conduction in each device oc¬ 
curs during approximately 180 
degrees of a cycle and the driving 
wave is split in phase, the class 
B stage can be used as a linear 
power amplifier. The maximum 
efficiency of the class B stage at 
full power output is 78.5 per cent 
when two transistors are used. In 
a class B amplifier, the maximum 
power dissipation is 0.203 times 
the maximum power output and 
occurs at 42 per cent of the maxi¬ 
mum output. 

Transistors are not usually used 
in true class B operation because 
of an inherent nonlinearity, called 
cross-over distortion, that pro¬ 
duces a high degree of distortion 
at low power levels. The distor¬ 
tion results from the nonlineari¬ 
ties in the transistor characteris¬ 
tics at very low current levels. For 
this reason, most power stages 
operate in a biased condition some¬ 
what between class A and class B. 
This intermediate class is defined 
as class AB. Class AB transistor 
amplifiers operate with a small 
forward bias on the transistor to 
minimize the nonlinearity. The 
quiescent current level, however, is 
still low enough so that class AB 
amplifiers provide good efficiency. 
This advantage makes class AB^ 
amplifiers an almost universal 
choice for high-power linear am¬ 
plification, especially in battery- 
operated equipment. 
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Drive Requirements for 
Linear Amplifiers 

In class A amplifiers, the out¬ 
put stage is usually connected in 
a common-emitter configuration. 
The relatively low input imped¬ 
ance that generally characterizes 
this type of configuration may re¬ 
sult in a severe mismatch with the 
output impedance of the driver 
transistor. Usually, at low power 
levels, RC coupling is used and the 
loss is accepted. It may be advan¬ 
tageous in some circuits, however, 
to use an emitter-follower be¬ 
tween the driver and the output 
stage to obtain an improved im¬ 
pedance match. 

Class AB amplifiers have many 
types of output connections. One 
form is the transformer-coupled 
output stage illustrated in Fig. 
413. Again, the common-emitter 
circuit is usually employed be¬ 
cause it provides the highest power 
gain. The load circuit is never 
matched to the output impedance 



Figure 413. Basic class AB, push-pull, 
transformer-coupled amplifier. 


of the transistor, but rather is 
fixed by the available voltage 
swing and the required power out¬ 
put. The transformer is designed 
to reflect the proper impedance to 
the output transistors so that the 
desired power output can be 
achieved with a specific supply 
voltage. 


The use of transformer coupling 
from the driver to the input of 
the power transistor assures that 
the phase split required for push- 
pull operation of the output stages 
and any necessary impedance 
transformation can be readily 
achieved. Output transformer cou¬ 
pling provides an easy method for 
matching several values of load 
impedance, including those en¬ 
countered in sound-distribution 
systems. For paging service, servo 
motor drive, or other applications 
requiring a limited bandwidth, the 
transformer-coupled output stage 
is very useful. However, there are 
disadvantages to the use of trans¬ 
former coupling. One disadvan¬ 
tage is the phase shift encountered 
at low- and high-frequency ex¬ 
tremes, which may lead to un¬ 
stable operation. In addition, the 
output transistors must be capable 
of handling twice the supply volt¬ 
age because of the transformer 
requirements. 

Another type of transistor out¬ 
put circuit is the series-connected 
output stage. With this type of 
circuit, the transistors are con¬ 
nected in series across the supply 
and the load circuit is coupled to 
the midpoint through a capacitor. 
There must be a 180-degree phase 
shift between the driving signals 
for the upper and lower transis¬ 
tors. A transformer can be used 
in this application provided that 
the secondary consists of two sepa¬ 
rate windings, as shown in Fig. 
414. Other forms of phase split¬ 
ting can be used; all have prob¬ 
lems such as insufficient swing or 
poor impedance matching. Capaci¬ 
tor output coupling also has disad¬ 
vantages. A low-frequency phase 
shift is usually associated with the 
capacitor, and it is difficult to ob¬ 
tain a capacitor that is large 
enough to produce an acceptable 
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+Vcc 



Figure 414. Class AB, push-pull amplifier 
with series output connection. 


low-frequency output. These dis¬ 
advantages can be alleviated by 
use of a split supply and by con¬ 
nection of the load between the 
transistor midpoint and the supply 
midpoint with the return path 
through the power-supply capaci¬ 
tors. The power-supply capacitors 
must be large enough to prevent 
excessive ripple. 

Complementary amplifiers are 
produced when p-n-p and n-p-n 
transistors are used in series. A 
capacitor can be used to couple 
the amplifier output when a single 
supply is used, or direct coupling 
can be employed when a split 
power supply is used, as shown in 
Fig. 415. Because no phase inver¬ 
sion is needed in the driving cir¬ 
cuit for this output configuration, 
there are definite advantages in 
the simplicity of the design. One 


SINGLE SUPPLY VOLTAGE 



disadvantage of this type of am¬ 
plifier is that the driver must be a 
class A stage which may have a 
high dissipation. This dissipation 
can be reduced, however, by use of 
a Darlington compound connection 
for the output stage. This com¬ 
pound connection reduces the driv¬ 
ing-stage requirement. A method 
of overcoming this disadvantage 
completely is to use a quasi-com- 
plementary configuration. In this 
configuration, the output transis¬ 
tors are a pair of p-n-p or n-p-n 
transistors driven by a comple¬ 
mentary pair in the driver. In this 
manner the n-p-n/p-n-p drivers 
provide the necessary phase in¬ 
version. The availability of both 
n-p-n and p-n-p silicon driving 
transistors that have the same 
electrical characteristics is good. 
The driving transistors are con¬ 
nected directly to the bases of 
the output transistors, as illus¬ 
trated in Fig. 416. 

Adequate drive may be a prob¬ 
lem with the transistor pair shown 
in the upper part of the quasi¬ 
complementary amplifier unless 
suitable techniques are used to as¬ 
sure that this pair saturates. Care 
must also be taken when split sup¬ 
plies are used to assure that any 
ripple on the lower supply is not 
introduced into the predriving 
stages by this technique. The ad- 


SPLIT SUPPLY VOLTAGE 



Figure 415. Circuit arrangements for operation of complementary output stages (a) from 
single dc supply; (b) from symmetrical dual (positive and negative) supplies. 
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(a) (b) (c) 

Figure 416. Compound output stage in which output transistors are driven by comple¬ 
mentary driver transistors: (a) over-all circuit; (b) upper transistor pair; (c) lower 

transistor pair. 

vantage of a split supply is that This configuration can be used at 

it makes possible direct connec- low power levels or with high-gain 

tion to the load and thus improves devices when the limited drive 

low-frequency response. capability is not a drawback. At 

To this point, phase inversion higher power levels, some imped- 

has been mentioned but not dis- ance transformation and gain may 

cussed. Phase inversion may be be required to supply the drive 

accomplished in many ways. The needed. There are several complex 

simplest electronic phase inverter phase-splitting circuits; a few of 

is the single-stage configuration, them are shown in Fig. 417. 



Figure 417. Basic phase-inverter circuits: (a) single stage phase-splitter type (b) two- 
stage emitter coupled type; (c) two-stage low Impedance type; (d) two-stage 
similar-amplifier type. 
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Other Design Considerations 

Some additional design prob¬ 
lems involve the consideration of 
thermal stability, high line volt¬ 
age, line-voltage transients, exces¬ 
sive drive, ambient temperature, 
load impedance, and other factors 
that may subject the transistors 
to abnormal high-stress condi¬ 
tions. A prime consideration is the 
maximum power dissipation at 
high supply voltage. Thermal sta¬ 
bility is another problem that is 
often difficult to control. The prob¬ 
lem is complex because the base-to- 
emitter voltage Vbe of ^ transistor 
decreases with an increase in 
junction temperature at a con¬ 
stant level of collector current. 
Therefore, if the V^e of the tran¬ 
sistor is held constant, the collec¬ 
tor current Ic increases as the 
junction temperature rises. This 
process is regenerative because 
the dissipation increases with an 
increase in the value of I^. One 
solution is to place a resistor in 
series with the emitter lead. This 
approach is not the best solution 
to the problem, however, because 
the use of the resistor increases 
circuit losses. A decrease in the 
loss may be obtained if the resis¬ 
tor is bypassed. Another approach 
is to use a thermistor or similar 
device which, when properly con¬ 
nected, reduces the base drive at 
high temperatures. This approach 
improves the stability without in¬ 
creasing the circuit loss. 

The collector-to-base leakage 
current Iciu) can also be a prob¬ 
lem because a fraction of this cur¬ 
rent is multiplied by the transistor 
hf(. and appears as a component of 
the collector-to-emitter current. 
In general, the value of lcv,o is in 
the order of microamperes in sili¬ 
con devices and milliamperes in 


germanium devices. This leakage 
current is composed of two com¬ 
ponents. One component is caused 
by surface leakage and is unpre¬ 
dictable in its variations with tem¬ 
perature. It increases with voltage 
and may even decrease with in¬ 
creasing temperature. The other 
component is a function of the de¬ 
vice material and geometry. This 
component approximately doubles 
with every 7°C temperature rise 
in silicon devices, and approxi¬ 
mately doubles for every 10°C 
temperature increase in german¬ 
ium devices. This component may 
also be voltage-dependent. 

The total leakage is of interest 
to the circuit designer because it 
can be the mechanism for thermal- 
runaway problems. An increase 
in this leakage increases the total 
base current and thus causes an 
increase in collector current and 
dissipation. The increase in col¬ 
lector current and dissipation 
causes a rise in temperature which 
possibly may produce a regenera¬ 
tive cycle that leads to thermal 
runaway. If an external resistor 
is connected between the base and 
emitter, some of this leakage cur¬ 
rent is shunted from the base, and 
the thermal-stability problem is 
reduced. 

Another potential source of 
trouble in amplifiers is the feed¬ 
back loop. Feedback is used to re¬ 
duce distortion and extend the 
frequency range of the amplifier. 
The feedback loop usually en¬ 
closes several if not all of the am¬ 
plifier stages and can cause several 
problems. When transformer cou¬ 
pling is used, phase shifts may oc¬ 
cur at the high- or low-frequency 
extremes; a positive voltage may 
then be fed back and cause oscilla¬ 
tion. High-signal-level transients 
may cause the value of the trans- 
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former inductances and other com¬ 
ponents to change and become un¬ 
stable so that they initiate oscilla¬ 
tion. A similar condition can occur 
at low frequencies when capacitor- 
coupled transformerless designs 
are used. 

Excessive drive levels at high 
frequencies can cause dissipation 
problems. An excessive drive level 
forces the output stages to satu¬ 
rate before the peak of the input 
signal is reached. This additional 
drive lengthens the storage time 
which, at high frequencies, may 
approach the period of the drive 
signal. Under this condition, two 
results occur: First, feedback does 
not increase after the point where 
the output stage saturates. This 
condition permits the drive signal 
to increase. Second, one transistor 
may not turn off until the second 
has been turned on. In series-type 
output stages, the second transis¬ 
tor is turned on with the full sup¬ 
ply voltage present. This condi¬ 
tion can lead to forward-bias 
second-breakdown problems. In 
germanium units, the excessive 
dissipation caused by excessive 
drive levels at high frequencies 
also contributes to the thermal- 
runaway problem. 

Another potential source of dif¬ 
ficulty with amplifiers occurs when 
the output is open- or short-cir¬ 
cuited. Transformer-coupled out¬ 
put stages are particularly sus¬ 
ceptible to operational problems 
with no load. Without a load, the 
transistors operate into a purely 
inductive load line and the proba¬ 
bility of reverse-bias second break¬ 
down must be considered. In 
series-type output stages, the 
major problem arises under short- 
circuit load conditions. As a re¬ 
sult of the short circuit, feedback 
is removed and an open-loop gain 
condition exists together with the 


excessive-drive-condition problems 
previously mentioned. It is ad¬ 
visable to use some form of 
fast-acting overload protection for 
the power transistor; a fuse is 
usually not fast enough. 

Some frequency exists at which 
the gain of any transistor begins 
to decrease. This decrease in gain 
can be corrected over the required 
frequency range by use of feed¬ 
back or a higher-frequency device. 
Roll-off of the frequency response 
of the preamplifier stages at some 
point prior to the limiting value 
of the frequency characteristics 
of the transistor is necessary. 
This technique assures that the 
drive is limited to a safe value by 
the input stage so that even the 
drivers are not affected by the 
high dissipation mentioned pre¬ 
viously, 

Several other factors that should 
be considered in the design of am¬ 
plifiers for audio-frequency service 
include the frequency response 
desired, gain, optimum load, noise, 
and power output needed. 

Linear single-phase servo am¬ 
plifiers are usually audio power 
amplifiers that operate at a single 
frequency. The servo amplifier is 
usually designed and biased for 
class AB or class B operation. 
Greater distortion can be tolerated 
than would be acceptable in a 
high-fidelity audio amplifier. Hum 
and noise may still be problems 
if they are near the operating fre¬ 
quency used in the servo applica¬ 
tion. Servo amplifiers often use 
transformer-coupled driver and 
output stages because the opera¬ 
tion is generally at a single fre¬ 
quency. 

The amplifiers described can be 
used with any ultrasonic equip¬ 
ment requiring a sine-wave drive. 
The previous discussion of low- 
frequency amplifiers is applicable 
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to ultrasonic equipment except 
that consideration must be given 
to the frequency involved; ultra¬ 
sonic equipment usually operates 
in the frequency range between 
20 kHz and 100 kHz. The oscilla¬ 
tor power amplifier already de¬ 
scribed is best used at low fre¬ 
quencies ; however, special atten¬ 
tion must be given to the selection 
of transistors to assure that they 
will operate efficiently at the fre¬ 
quency chosen. 

The power oscillator may also 
be used as an ultrasonic genera¬ 
tor; it supplies sufficient energy 
for the load without the need for 
any additional amplification. This 
amplifier type is particularly use¬ 
ful at lower power levels. 

A dc-to-ac inverter may be used 
as a source of power for an ultra¬ 
sonic transducer. The design of 
such circuits is covered in the 
section on Power Conversion. 


configuration for an audio power 
amplifier is dictated by the par¬ 
ticular requirements of the in¬ 
tended application. The selection 
of the basic circuit configuration 
that provides the desired perform¬ 
ance most efficiently and economi¬ 
cally is based primarily upon the 
following factors: power output to 
be supplied, required sensitivity 
and frequency-response character¬ 
istics, maximum allowable distor¬ 
tion, and capabilities of available 
devices. 

Class A Transformer-Coupled 
Amplifiers—Fig. 418 shows a 
three-stage class A transformer- 
coupled audio amplifier that uses 
dc feedback (coupled by Ri, R 2 , 
R^, R 4 , and Ci) from the emitter 
of the output transistor to the 
base of the input transistor to 
obtain a stable operating point. 


AUDIO-FREQUENCY POWER 
AMPLIFIERS 

The quality of an audio power 
amplifier is measured by its abil¬ 
ity to provide high-fidelity repro¬ 
duction of audio program material 
over the full range of audible fre¬ 
quencies. The amplifier is required 
to increase the power level of the 
input to a satisfactory output level 
with little distortion, and the sen¬ 
sitivity of its response to the input 
signals must remain essentially 
constant throughout the audio¬ 
frequency spectrum. Moreover, the 
input-impedance characteristics of 
the amplifier must be such that 
the unit does not load excessively 
and thus adversely affect the char¬ 
acteristics of the input-signal 
sources. 

Basic Circuit Configurations 

The selection of the basic circuit 



Figure 418. Three-stage, transformer- 
coupled, class A amplifier. 

An output capability of 5 watts 
with a total harmonic distortion 
of 3 per cent is typical for this 
type of circuit. In general, this 
output level is the upper limit for 
class A amplifiers because the 
power dissipated by the output 
transistor in such circuits is more 
than twice the output power. For 
this reason, it is economically im¬ 
practical to use class A audio am¬ 
plifiers to develop higher levels of 
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output power. A circuit such as 
the one shown in Fig. 418 usually 
requires no over-all feedback un¬ 
less extremely low distortion is 
required. Local feedback in each 
stage is adequate; amplifiers of 
this type, therefore, are usually 
very stable. 

Class AB Push-Pull Trans¬ 
former-Coupled Amplifiers—At 

power-output levels above 5 watts, 
the operating efficiency of the cir¬ 
cuit becomes an important factor 
in the design of audio power am¬ 
plifiers. The circuit designer may 
then consider a class AB push-pull 
amplifier for use as the audio¬ 
output stage. 

Fig. 419 shows a class AB push- 
pull transformer-coupled audio¬ 
output stage. Resistors Ri, Ro, and 
R 3 form a voltage divider that 
provides the small amount of 
transistor forward bias required 
for class AB operation. The trans¬ 
former type of output coupling 
used in the circuit is advantageous 



Figure 419. Class AB, push-pull, trans¬ 
former-coupled audio output stage. 


in that a suitable output trans¬ 
former can be selected’ to match 
the audio system to any desired 
load impedance. This feature as¬ 
sures maximum transfer of the 
audio-output power to the load cir¬ 
cuit, which is especially important 
in sound-distribution systems that 
use high-impedance transmission 
lines to reduce losses. A major 
disadvantage of transformer out¬ 
put coupling is that it tends to 
limit the amplifier frequency re¬ 
sponse, particularly at the low- 
frequency end. Variations in 
transformer impedance with fre¬ 
quency may produce significant 
phase shifts in the signal at both 
frequency extremes of the ampli¬ 
fier response. Such phase shifts 
are potential causes of amplifier 
instability if they occur within 
the feedback loop. Open-circuit 
stability is always a problem in 
designs that use output trans¬ 
formers because the gain increases 
sharply when the load is removed. 
If too much over-all feedback is 
employed, the amplifier may oscil¬ 
late. The local feedback caused by 
the bias arrangement of R 2 and 
R.i helps to eliminate this problem. 

Push-pull output stages, which 
use identical output transistors, 
require some form of phase in¬ 
version in the driver stage. In the 
circuit shown in Fig. 419, a cen¬ 
ter-tapped driver transformer is 
used for this purpose. The re¬ 
quirements of this transformer 
depend upon the power levels in¬ 
volved, the bandwidth required, 
and the distortion that can be 
tolerated. This transformer also 
introduces phase-shift problems 
that tend to cause instabilities in 
the circuit when high levels of 
feedback are employed. Phase- 
shift problems are substantially 
reduced when the output stage is 
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designed to operate at low drive 
requirements. The reduced drive 
requirements can be achieved by 
use of the Darlington circuit 
shown in Fig. 420. Resistors Rj 
and R 2 shunt the leakage of the 
driver and also permit the output 
transistors to turn off more 
rapidly. Impedance levels between 
the class A driver and the output 
stage can be easily matched by the 
use of an appropriate transformer 
turns ratio. 



Figure 420. Class AB, push-pull, trans¬ 
former-coupled audio output stage in 
which Darlington pairs are used to reduce 
drive requirements of output transistors. 

An alternative method of phase 
inversion is to use a transistor in 
a phase-splitter circuit, such as 
those shown in Fig. 417. Unlike 
the center-tapped transformer 
method, impedance matching may 
be a problem because the collector 
of the driver, which has a rela¬ 
tively high impedance, operates 
into the low input impedance of 
the output stage. One solution is 
to reduce the output impedance 
of the driver stage by the use of 
smaller resistors. The resultant 
increase in collector current, how¬ 
ever, also increases the dissipa¬ 
tion. Moreover, very large cou¬ 
pling capacitors are necessary for 
the achievement of good low-fre¬ 
quency performance. The non¬ 
linear impedance exhibited by the 


input of the output transistor 
causes a dc voltage to be produced 
across the capacitor under high 
signal levels. An alternate solu¬ 
tion is to use a Darlington pair 
to increase the input impedance 
of the output stage. 

Class AB Series-Output Ampli¬ 
fiers—For applications in which 
low distortion and wide fre¬ 
quency response are major re¬ 
quirements, a transformerless ap¬ 
proach is usually employed in the 
design of audio power amplifiers. 
With this approach, the common 
type of circuit configuration used 
is the series-output amplifier. 

PUSH-PULL DRIVEN CIR¬ 
CUITS : The class-AB-operated 
n-p-n transistors used in the 
series-output circuits shown in 
Fig. 421 require some form of 
phase inversion of the drive sig¬ 
nal for push-pull operation. A 
common approach is to use a 
driver transformer that has split 


+Vcc 



{a) 


+ Vcc 



(b) 


Figure 421. Circuit arrangements for op¬ 
eration of series output circuit from (a) a 
single dc supply and (b) symmetrica! 
dual supplies. 

secondary windings, as shown 
in Fig. 422. The split secondary 
windings are required because of 
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the mode in which each of the 
series output transistors operates. 

If ground were used as the drive 
reference for both secondary 
windings of the circuit shown in 
Fig. 422, transistor Qj would op¬ 
erate as an emitter-follower and 
would provide gain of somewhat 
less than unity. Transistor Qo, 


4Vcc +V 0 B +V( 2 ;q 



Figure 422. Circuit using a driver trans¬ 
former that has split secondary windings 
to provide phase inversion for push-pull 
operation of a series-output circuit. 

however, is connected in a com¬ 
mon-emitter configuration which 
can provide substantial voltage 
gain. For equal output-voltage 
swings in both directions, the 
drive input to transistor Qi is 
applied directly across the base 
and emitter terminals. Transistor 
Qx is then effectively operated in 
a common-emitter configuration 
(although there is no phase re¬ 
versal from input to output) and 
has a voltage gain equal to that 
of transistor Q 2 . 

The disadvantages of a driver 
transformer discussed previously 
also apply to the circuit shown in 


Fig. 422. In addition, coupling 
through interwinding capacitances 
can adversely affect the perfor¬ 
mance of the circuit. Such cou¬ 
pling is particularly serious be¬ 
cause at both ends of the upper 
secondary (terminals 1 and 2 ) the 
ac voltage with respect to ground 
is approximately equal to the out¬ 
put voltage. During signal condi¬ 
tions, when output transistor Qi 
is turned on, this coupling pro¬ 
vides an unwanted drive to Q^. 
The forward transistor bias re¬ 
quired to maintain class AB cir¬ 
cuit operation is provided by 
the resistive voltage divider R^, 
R 2 , R 3 , and R 4 . These resistors 
also assure that the output point 
between the two transistors (point 
A) is maintained at one-half the 
dc supply voltage Vcc- 

As in the case of the trans¬ 
former-coupled output, phase in¬ 
version can be accomplished by 
use of an additional transistor. 
Fig. 423 shows a circuit in which 
the transistor phase inverter is 
used, together with a Darlington 
output stage to minimize loading 



Figure 423. Push-pull series-output am¬ 
plifier in which driver and output transis¬ 
tors are connected as Darlington pairs and 
drive-signal phase inversion is provided by 
phase-splitter stage Qi. 



390 


RCA Silicon Power Circuits Manual 


on the phase inverter. It should 
be noted that capacitor C provides 
a drive reference back to the 
emitter of the upper output tran¬ 
sistor. In effect, this arrangement 
duplicates the drive conditions of 
the split-winding transformer ap¬ 
proach. A disadvantage of this 
circuit is the high quiescent dis¬ 
sipation of the phase inverter 
which is necessary to obtain ade¬ 
quate drive at full power output. 
An unbypassed emitter resistor R 
is necessary because a signal is 
derived from this point to drive 
the lower output transistor. When 
transistor Qi is driven into satu¬ 
ration, the minimum collector-to- 
ground voltage that can be ob¬ 
tained is limited primarily by the 
peak emitter voltage under these 
conditions. To obtain the neces¬ 
sary voltage swing at this collector 
(a voltage swing that is also ap¬ 
proximately equal to the output 
voltage swing), it is necessary to 
use a quiescent collector-to-emitter 
voltage higher than that required 
in a stage that uses a bypassed 
emitter resistor. 

COMPLEMENTARY AMPLI¬ 
FIERS: When a complementary 
pair of output transistors (n-p-n 
and p-n-p) is used, it is possible 
to design a series-output type of 
audio power amplifier which does 
not require push-pull drive. Be¬ 
cause phase inversion is unneces¬ 
sary with this type of configura¬ 
tion, the drive circuit for the 
amplifier is simplified substan¬ 
tially. Fig. 424 shows a basic com¬ 
plementary type of series-output 
circuit together with a simple 
class A driver stage. The voltage 
drop across resistor R provides the 
small amount of forward bias re¬ 
quired for class AB operation of 
the complementary pair of output 
transistors. 


In practice, a diode is employed 
in place of resistor R. The pur¬ 
pose of the diode is to maintain 
the quiescent current at a reason¬ 
able value with variations in junc¬ 
tion temperatures. It is usually 


■^Vbb +Vcc 



Figure 424. Basic complementary type of 
series-output circuit. 

thermally connected to one of the 
output transistors and tracks with 
the Vbe of the output transistors. 

The complementary circuit is by 
far the most thermally stable out¬ 
put circuit. It places the output 
transistors in a Vces mode be¬ 
cause both transistors are oper¬ 
ated with a low impedance be¬ 
tween base and emitter. Therefore, 
the IcBo leakage is the only com¬ 
ponent of concern in the stability 
criteria. At power-output levels 
from 3 to 20 watts, a complemen¬ 
tary-symmetry amplifier offers ad¬ 
vantages in terms of circuit sim¬ 
plicity. At higher power levels, 
however, the class A driver tran¬ 
sistor is required to dissipate 
considerable heat, the quiescent 
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power-supply current drain be¬ 
comes significant, and excessively 
large filter capacitors are required 
to maintain a low hum level. For 
these reasons, the maximum prac¬ 
tical output for a true complemen¬ 
tary-symmetry amplifier is con¬ 
sidered to be about 20 watts; at 
higher power levels, this type of 
amplifier is usually replaced by the 
quasi-complementary circuit. 

Q U A S I-COMPLEMENTARY 
AMPLIFIERS: In the quasi-com¬ 
plementary amplifier, shown in 
Fig. 425, the driver transistors 
provide the necessary phase inver¬ 
sion. A simple but descriptive way 



Figure 425. Basic quasi-complementary 
type of series-output circuit. 

to analyze the operation of a quasi- 
complementary amplifier is to con¬ 
sider the result of connecting a 
p-n-p transistor to a high-power 
n-p-n output transistor, as shown 
in Fig. 426. The collector current 
of the p-n-p transistor becomes the 
base current of the n-p-n transis¬ 
tor. The n-p-n transistor, which is 
operated as an emitter-follower, 
provides additional current gain 


"EFFECTIVE" COLLECTOR 



Figure 426. Connection of p-n-p driver 
transistor to n-p-n output transistor. 

without inversion. If the emitter 
of the n-p-n transistor is consid¬ 
ered as the “effective'' collector of 
the composite circuit, it becomes 
apparent that the circuit is equiv¬ 
alent to a high-gain, high-power 
p-n-p transistor. The output char¬ 
acteristics of the p-n-p circuit 
shown in Fig. 426 and of a high- 
gain, high-power n-p-n circuit 
formed by the connection of the 
same type of n-p-n output transis¬ 
tor and an n-p-n driver transistor 
in a Darlington configuration, such 
as shown in Fig. 427, are com¬ 
pared in Fig. 428. 



Figure 427. Darlington connection of n-p-n 
driver transistor to n-p-n output transistor. 
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p-n-p 

(a) 



n-p~n 

(b) 

Figure 428. Output characteristics for 
(a) p-n-p/n-p-n driver-output transistor 
pair shown in Fig. 426 and for (b) Darling¬ 
ton pair of n-p-n transistors shown In 
Fig. 427. 

The saturation characteristics 
of the over-all circuit in both cases 
is the combination of the base-to- 
emitter voltage Vp,^ of the output 
transistor and the collector satura¬ 
tion voltage of the driver transis¬ 
tor. Moreover, in both cases the 
current gain is the product of the 
individual betas of the transistors 
used. A quasi-complementary am¬ 
plifier, therefore, is effectively the 
same as a simple complementary 
output circuit such as that shown 
in Fig. 424, and is formed by the 
use of high-gain, high-power n-p-n 
and p-n-p equivalent transistors. 
In both cases, the resistor R be¬ 
tween the emitter and base of the 
output transistor places the device 
in a Vcer mode. This mode is not 


as stable as that of the comple¬ 
mentary amplifier, but presents no 
problem for silicon transistors. 

A typical quasi-complementary 
amplifier is shown in Fig. 429. 
Capacitor C performs two func¬ 
tions essential to the successful 
operation of the circuit. First, it 
acts as a bypass to decouple any 
power-supply ripple from the 
driver and predriver stages. Sec¬ 
ond, it is connected as a “boot¬ 
strap” capacitor to provide the 
drive necessary to pull the upper 
Darlington pair of transistors into 
saturation. This latter function 
results from the fact that the 
stored voltage of the capacitor, 
with reference to the output point 
A, provides a higher voltage than 
the normal collector-supply volt¬ 
age to drive transistor Q 2 . This 



Figure 429. Quasi-complementary audio 
power amplifier that operates from a single 
dc supply. 

higher voltage is necessary during 
the signal conditions that exist 
when the upper transistors are 
being turned on because the emit¬ 
ter voltage of transistor Q 2 then 
approaches the normal supply volt¬ 
age. An increase in the base volt¬ 
age to a point above this level is 
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required to drive the transistor 
into saturation. Resistor Ri pro¬ 
vides the necessary dc feedback to 
maintain point A at approximately 
one-half the nominal supply volt¬ 
age. Over-all ac feedback from 
output to input is coupled by re¬ 
sistor R 2 to reduce distortion and 
to improve low-frequency perfor¬ 
mance. 

As indicated in Fig. 421(b), 
series-output circuits can be em¬ 
ployed with separate positive and 
negative supplies; no series out¬ 
put capacitor is then required. The 
elimination of this capacitor may 
result in an economic advantage, 
even though an additional power 
supply is used, because of the size 
of the series output capacitor nec¬ 
essary in the single-supply case 
to obtain good low-frequency per¬ 
formance (e.g., a 2000 -microfarad 
capacitor is required to provide a 
3-dB point at 20 Hz for a 4-ohm 
load impedance). Split supplies, 
however, pose certain problems 
which do not exist in the single¬ 
supply case. The output of the 
amplifier must be maintained at 
zero potential under quiescent con¬ 
ditions for all environmental con¬ 
ditions and device parameter vari¬ 
ations. Also, the input ground 
reference can no longer be at the 
same point as that indicated in 
Fig. 429, because this point is at 
the negative supply potential in a 
split-supply system. 

If the ground-point reference 
for the input signal were a com¬ 
mon point between the split sup¬ 
plies, any ripple present on the 
negative supply would effectively 
drive the amplifier through tran¬ 
sistor Qi, with the result that this 
stage would operate as a com¬ 
mon-base amplifier with its base 
grounded through the effective im¬ 
pedance of the input signal source. 


To avoid this condition, the ampli¬ 
fier must include an additional 
p-n-p transistor as shown in Fig. 
430. This transistor (Qe) reduces 
the drive effects of the negative 
supply ripple because of the high 
collector impedance (1 megohm or 
more) that it presents to the base 
of transistor Qi, and effectively 



Figure 430. Quasi-complementary audio 
power amplifier that operates from sym¬ 
metrical dual dc power supplies. The p-n-p 
transistor input stage is required to pre¬ 
vent ripple component from driving 
amplifier. 

isolates the input source imped¬ 
ance from transistor Qi. In prac¬ 
tice, transistor Qi may be replaced 
by a Darlington pair to reduce the 
loading effects on the p-n-p pre¬ 
driver. 

Negative dc feedback is applied 
from the output to the input stage 
by Ri, R 2 , and Ci so that the out¬ 
put is maintained at about zero 
potential. Actually, the output is 
maintained at approximately the 
forward-biased base-emitter volt¬ 
age of transistor Qg, which may 
be objectionable in a few cases, 
but which can be eliminated by a 
method discussed later. Capacitor 
Cl effectively bypasses the nega¬ 
tive dc feedback at all signal fre¬ 
quencies. Resistor R 3 provides ac 
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feedback to reduce distortion in 
the amplifier. 

Power Output in Class B 
Audio Amplifiers 

For all cases of practical inter¬ 
est, the power output (Po) of an 
audio amplifier is given by the fol¬ 
lowing equation: 

Po = I(rms) X E(rms) = (Ip Ep)/2 
= (Ip2 Rl)/2 = EpV2Rl 

where Ip and Ep are the peak load 
current and voltage, respectively, 
and Rl is the load impedance pre¬ 
sented to the transistor. Fig. 431 
shows the relationship among 


these various factors in graphic 
form. Obviously, the peak load 
current is the peak transistor cur¬ 
rent, and the transistor break- 
down-voltage rating must be at 
least twice the peak load voltage. 
The vertical lines that denote 4- 
ohm, 8-ohm, and 16-ohm resis¬ 
tances are particularly useful for 
transformerless designs in which 
the transistor operates directly 
into the loudspeaker. 

Audio-Power-Amplifier Rating 
Methods—The Institute of High 
Fidelity (IHF) and the Electronic 
Industries Association (EIA) 
have attempted to standardize 



Figure 431. Peak transistor currents and load voltages for various output powers and 

load resistances. 
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power-output ratings to establish 
a common reference of comparison 
and to provide a solid definition of 
the capabilities of audio power am¬ 
plifiers. Obviously, an audio power 
amplifier using an unregulated 
supply can deliver more output 
power under transient conditions 
than under steady-state conditions. 
The rating methods which have 
been standardized for this type of 
operation are the IHF Dynamic 
Output Rating (IHF-A-201) and 
the EIA Music Power Rating 
(EIA RS-234-A), 

Both of these measurement 
methods allow the use of regulated 
supply voltage to simulate tran¬ 
sient conditions. Because the regu¬ 
lated supply has no source im¬ 
pedance or ripple, the results do 
not completely represent the tran¬ 
sient conditions, as will be ex¬ 
plained later. 

MEASUREMENT METHODS: 
The EIA standard is used pri¬ 
marily by manufacturers of pack¬ 
aged equipment, such as portable 
phonographs, packaged stereo 
hi-fi consoles, and packaged 
home-entertainment consoles. The 
EIA music power output is de¬ 
fined as the power obtained at 
a total harmonic distortion of 5 
per cent or less, measured after 
the “sudden application of a sig¬ 
nal during a time interval so 
short that supply voltages have 
not changed from their no-signal 
values.'^ The supply voltages are 
bypassed voltages. These defini¬ 
tions mean that the internal 
supply may be replaced with a 
regulated supply equal in volt¬ 
age to the no-signal voltage of 
the internal supply. For a stereo 
amplifier, the music power rat¬ 
ing is the sum of both channels, 
or twice the single-channel rat¬ 
ing. 


The IHF standard provides two 
methods to measure dynamic out¬ 
put. One is the constant-supply 
method. This method assumes 
that under music conditions the 
amplifier supply voltages under¬ 
go only insignificant changes. 
Unlike the EIA method, this 
measurement is made at a ref¬ 
erence distortion. The constant- 
supply method is used by most 
high-fidelity component manu¬ 
facturers. The reference distor¬ 
tion chosen is normally less than 
one per cent, or considerably 
lower than the EIA value of 5 
per cent used by packaged- 
equipment manufacturers. 

A second IHF method is called 
the “transient distortion” test. 
This method requires a complex 
setup including a low-distortion 
modulator with a prescribed out¬ 
put rise time and other equip¬ 
ment. The modulator output is 
required to have a rise time of 
10 to 20 milliseconds to simulate 
the envelope rise time of music 
and speech. This measurement is 
made using the internal supply 
of the amplifier and, con¬ 
sequently, includes distortion 
caused by voltage decay, power- 
supply transients, and ripple. 
This method tends to be more 
realistic and to yield lower 
power-output ratings than the 
constant-supply method. Actu¬ 
ally, both IHF methods should 
be used, and the lowest power 
rating obtained at reference dis¬ 
tortion with both channels oper¬ 
ating, both in and out of phase, 
should be used as the power rat¬ 
ing. (There is some question 
concerning unanimity among 
high-fidelity manufacturers on 
actually performing both IHF 
tests.) 

Because music is not a con¬ 
tinuous sine wave, and has av- 
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erage power levels much below 
peak power levels, it would ap¬ 
pear that the music power or 
dynamic power ratings are true 
indications of a power ampli¬ 
fier's ability to reproduce music 
program material. The problem 
is that all three methods de¬ 
scribed have a common fiaw. 
Even the transient-distortion 
method fails to account for the 
ability of the audio amplifier to 
reproduce power peaks while it 
is already delivering some aver¬ 
age power. The amplifier is al¬ 
most never delivering zero output 
when it is called on to deliver 
a transient. For every transient 
that occurs after an extremely 
quiet passage or zero signal, 
there are hundreds that are im¬ 
posed on top of some low but 
non-zero average power level. 

This condition can best be 
clarified by consideration of the 
power supply. Many amplifiers 
have regulated supplies for the 
front-end or low-level stages, but 
almost none provides a regulated 
supply for the power-output 
stages because regulation re¬ 
quires extra transistors or other 
devices; it becomes costly, es¬ 
pecially at high power levels. The 
power supply for the output 
stages of power ampliers is com¬ 
monly a nonregulated rectifier 
supply having a capacitive input 
filter. The output voltage of such 
a supply is a function of the out¬ 
put current and, consequently, 
of the power output of the am¬ 
plifier. 

EFFECT OF POWER-SUP¬ 
PLY REGULATION: Power-sup- 
ply regulation is dependent on 
the amount of effective internal 
series resistance present in the 
power supply. The effective series 
resistance includes such things 


as the dc resistance of the trans¬ 
former windings, the amount and 
type of iron used in the trans¬ 
former, the amount of surge re¬ 
sistance present, the resistance 
of the rectifiers, and the amount 
of filtering. The internal series 
resistance causes the supply 
voltage to drop as current is 
drawn from the supply. 

Fig. 432 shows a typical regu¬ 
lation curve for a rectifier power 
supply that has a capacitive in¬ 
put filter. The voltage is a linear 



Figure 432. Regulation curve for capacitive 
rectifier power supply. 

function of the average supply 
current over most of the useful 
range of the supply. However, 
a rapid change in slope occurs 
in the regions of both very small 
and very large currents. In class 
B amplifiers, the no-signal sup¬ 
ply current normally occurs be¬ 
yond the low-current knee, and 
the current required for the am¬ 
plifier at the clipping level oc¬ 
curs before the high-current 
knee. The slope between these 
points is nearly linear and may 
be used as an approximation of 
the equivalent series resistance 
of the supply. 

The amount of power lost de¬ 
pends on the quality of the power 
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supply used in the amplifier. Ac¬ 
cordingly, rating amplifier power 
output with a superb external 
power supply (that is, not using 
the built-in amplifier power sup¬ 
ply) provides false music power 
outputs. Under actual usage the 
output is lower, as illustrated by 
the following example. 

Figs. 433 and 434 show equiva¬ 
lent circuits for capacitive-input 



Figure 433. Equivalent circuit for single- 
ended capacitive-input rectifier supply. 

rectifier supplies. In these cir¬ 
cuits, I'dc is the average supply 
current, is the effective 

equivalent series resistance of 
the power supply, is the no¬ 
signal voltage, and Eg is the 
steady-state supply voltage. The 
steady-state voltage. Eg, is re¬ 
lated to the no-signal voltage, 
Eo, as follows: 

E. =Eo -Rsldc (320) 




Figure 434. Equivalent circuit for split ca¬ 
pacitive-input rectifier supply. 


power supply delivers current on 
alternate half-cycles, and each 
half of a split supply delivers 
current on alternate half-cycles. 
Therefore, in each case the sup¬ 
ply current, is related to the 
peak output current, as follows: 



^ (321) 

The power output is related to 
the peak output current, as fol¬ 
lows : 



(322) 


Eq. (320) shows that the sup¬ 
ply voltage, Eg, is equal to the no¬ 
signal supply voltage, E^, only 
when there is no current other 
than the no-signal current being 
drawn from the supply. As soon 
as the amplifier begins to deliver 
some power to the load, the power 
supply is called upon to deliver 
some current. A single-ended 


where Rl is the speaker load re¬ 
sistance. Consequently, the sup¬ 
ply current is related to the 
power output by 



Combining Eqs. (320) and (323), 
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E. = E„ - R. 

(324) 

In relating average current 
and power output, it is assumed 
that sine-wave signals are in¬ 
cluded and that no parasitic 
losses exist. 

This relationship can be sim¬ 
plified if it is assumed that Rl 
is 8 ohms and tt- is 10. Eq. (324) 
then becomes 

E« = Eo - 0.158 R, (Po) ^ (325) 

To illustrate the inability of 
the no-signal supply voltage to 
indicate the transient power cap¬ 
ability of an amplifier, it is as¬ 
sumed that an amplifier power 
supply has the regulation char¬ 
acteristics shown in Fig. 432. Us¬ 
ing the values for voltage and 
current from Fig. 432, the music 
power rating, based on the no¬ 
signal voltage (44.8) and an 8- 
ohm load, is given by 

P . Eo^ 

8Rl 

= 31.5 watts/channel 

(326) 

If no parasitic losses are as¬ 
sumed, therefore, the stereo 
music power would be 63 watts. 

[The factor, 8, in Eq. (326) is 
derived in converting peak-to- 
peak volts to rms volts.] 

The effective series resistance, 
according to Fig. 432, is approxi¬ 
mately 6 ohms. If the amplifier is 
delivering an average power of 
2 watts per channel, or a total 
of 4 watts, the supply voltage 
decreases from 44.8 volts to a 
smaller value, determined from 
the following equation. 

E, = 44.8 - 0.158 (6) (2) == 42.9 


The music power rating is then 
given by E^V^Rl = 28.7 watts 
per channel, or 57.4 watts for 
stereo. The difference in these 
ratings represents a 10-per cent 
decrease in the actual transient 
power capability. 

The preceding calculations 
prove that an amplifier with 
a 31.5-watt-per-channel music 
power rating may, in fact, have 
an actual power-output capabil¬ 
ity of only 28.7 watts per chan¬ 
nel. 

This decrease of 10 per cent 
in measured transient capability 
may be as much as 20 per cent 
in some cases. One such case is 
where the no-signal load is less 
than that shown in Fig. 435. The 



DC OUTPUT CURRENT(Irfc) 


Figure 435. Typical power-supply 
regulation curve. 

no-signal load includes the class 
AB bias current of the output 
stages and all of the current 
drawn by the preceding stages 
and their associated bias net¬ 
works. When this total current 
is below the 250-milliampere 
value shown, the no-signal volt¬ 
age is located on the steep por¬ 
tion of the regulation curve. As 
a result, there is a greater de¬ 
cline in supply voltage when the 
amplifier is called on to deliver 
2 watts or more of average power. 
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It should be emphasized that, 
while there is a discrepancy be¬ 
tween the actual power avail¬ 
able and the power measured 
under the EIA Music Power or 
the IHF Dynamic Power meth¬ 
ods, these methods are not with¬ 
out merit. The IHF dynamic 
power rating, in conjunction with 
the continuous power rating, pro¬ 
duces an excellent indication of 
how the amplifier will perform. 
The EIA music power rating 
which is measured at a total har¬ 
monic distortion of 5 per cent 
with a regulated power supply, 
provides a less adequate indica¬ 
tion of amplifier performance be¬ 
cause there is no indication of 
how the amplifier power-supply 
voltage reacts to power output. 

Some important factors con¬ 
sidered by packaged-equipment 
manufacturers, the primary 
users of the EIA music power 
rating, are mostly economic in 
nature and affect many aspects 
of the amplier performance. Be¬ 
cause there is no continuous 
power output rating required, 
two amplifiers may receive the 
same EIA music power rating but 
have different continuous power 
ratings. The ratio of music 
power to continuous power is, 
of course, a function of the regu¬ 
lation and effective series re¬ 
sistance of the supply. 

One reason for the difference 
between ratings used by the con¬ 
sole or packaged-equipment 
manufacturer and those used by 
the hi-fi component manufacturer 
is that the latter does not always 
know just what will be required 
of the amplifier. The console 
manufacturer always designs an 
amplifier as part of a system, 
and consequently knows the 
speaker impedances and the 


power required for adequate 
sound output. The console manu¬ 
facturer may use high-effciency 
speakers requiring only a frac¬ 
tion of the power needed to drive 
many component-type acoustic- 
suspension systems. The differ¬ 
ence may be such that the con¬ 
sole may produce the same sound 
pressure level with an amplifier 
having one-tenth of the power 
output. High ratios of music- 
power to continuous-power cap¬ 
ability are common in these con¬ 
soles. A typical ratio of IHF 
music power to continuous power 
may be 1.2 to 1 in component 
amplifiers, whereas a typical 
ratio of EIA music power to con¬ 
tinuous power in a console sys¬ 
tem may be 2 to 1. Console manu¬ 
facturers use the EIA music 
power rating to economic advan¬ 
tage as a result of the reduced 
regulation requirement of the 
power supply. A high ratio of 
music power to continuous power 
means higher effective series re¬ 
sistance in the power supply. 
This resistance, in turn, means 
less continuous dissipation on 
the output transistors, smaller 
heat sinks, and a lower-cost 
power supply. 

Basic Power-Dissipation Rela¬ 
tionships —Under ideal condi¬ 
tions (i.e., with a perfectly regu¬ 
lated dc power supply), maximum 
transistor power dissipation in a 
class B audio output stage is ap¬ 
proximately 20 per cent of the 
maximum undipped sine-wave 
power output and occurs when 
the output stage is delivering ap¬ 
proximately 40 per cent of the 
maximum output power to the 
load. In the following para¬ 
graphs, this statement is verified 
by analysis of a typical com¬ 
plementary-symmetry amplifier. 
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such as those shown in Fig. 436. 
The effect of a nonregulated 
power supply on transistor dis¬ 
sipation is then examined. 



Figure 436. Typical complementary- 
symmetry circuits. 


The dissipation P-j for each tran¬ 
sistor is equal to half the differ¬ 
ence between the supply power 
delivered Pg and the power dissi¬ 
pated in the load P^, as follows: 

Pt = (Ps -Po) /2 

p IpkEs Ipk^ Rl 

2' 4 (331) 

If Eq. (331) is differentiated and 
solved for the peak load current 
Ipk at maximum average transis¬ 
tor dissipation, the following ex¬ 
pression is obtained: 

Ipk =E,/(7rRL) (332) 

When this value is substituted 
in Eq. (331), the ratio of maxi¬ 
mum average transistor dissipa¬ 
tion PT(max) to power delivered 
to the load at full power output 
P(,(max) can be expressed as 
follows: 


REGULATED SUPPLY: When 
the amplifier circuit shown in 
Fig. 436(a) is operated from a 
regulated supply, the capacitor 
C, under no-signal conditions, is 
charged to a voltage equal to 
one-half the supply voltage (i.e., 
Ec = Es/2) at the clipping level. 
The maximum peak load current 
Ipk(max) is given by 

Ipk (max) = Es/2 Rl (327) 


Pt (max) _ 

Po (max) 7r2 


(333) 


Eq. (333) indicates that maximum 
transistor dissipation is approxi¬ 
mately 20 per cent of full power 
output. At the point of maximum 
dissipation, the power output is 
given by 

P„ (maxdiss.) = (334) 


Because the supply delivers cur¬ 
rent on alternate half-cycles, the 
average supply current I(jc is 
given by 

Idc = Ipk/TT (328) 

The power P^ delivered by the 

supply can then be expressed as 
follows: 

Ps = (IpkEs)/^ (329) 

The power delivered to the load 

Po is given by 

Po = (Ipk^RL)/2 (330) 


The ratio of the power output 
at maximum dissipation P^ (max 
diss.) to maximum power output 
Po(max) is then given by 

Po (max diss.) 4 

——--— = — (335) 

Po (max) TT^ 

NONREGULATED SUPPLY: 
In the case of a nonregulated 
supply that has an internal re¬ 
sistance Rg, the supply voltage 
Eg is expressed by Eq. (320). If 
this value for Eg is substituted 
in Eq. (331), the following result 
is obtained: 
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^ IpicEo _ R.s(Ipk)^ _ (Ipk)^RL 
27r 27r2 4 

(336) 

The partial derivative of Eq. 
(336) with respect to Ip^ is set 
equal to zero, tested for a maxi¬ 
mum value, and solved for Ip^. 
This value of Ipj, is then used 
in Eq. (336) to determine the 
maximum transistor dissipation 
Prp(max), as follows: 


dPrj Eo J 2 R S -f- TT^ Rl 

dip]. 27r ^ 2 TT^ 


<^337) 


Ipk 


Eo7I 


2 R S "f" Rl 


(338) 


music power output as the point 
at which the total harmonic dis¬ 
tortion is 5 per cent when a 
regulated supply is used. The 
EIA value is about 10 per cent 
greater.] 

Maximum average transistor 
dissipation is related to the music 
power output by the following 
expression: 


Pt (max) 
Po (music) 


4- ^ ^ 

2 Rl 


-1 

(343) 


The power output at which 
maximum average transistor dis¬ 
sipation occurs Po (max diss) is 
related to the music power out¬ 
put as follows: 


Pt (max) = 


Eo^ 


8R 


s + 4x2 R, 


Clipping begins at the point 
where the peak collector current 
Ipk is given by 


Ipk 


Eo TT 


R s + 2 TT Rl (340) 

Power output at clipping can 
then be expressed as follows: 


Po (max diss.) 
Po (music) 



R s 



(344) 


The continuous power output 
at the clipping level, Po (clip¬ 
ping) is related to the music 
power output by the following 
expression: 


Po (clipping) 


E o“ Rl 
2 (R s + 2 TT Rl)^ 


(341) 

If Rg == 0 is substituted in Eq. 
(341), the power output may be 
expressed as follows: 

Po =EoV8Rl (342) 
This value is equivalent to the 
power output just prior to clip¬ 
ping with a fully regulated 
supply and, for the remainder of 
this discussion, is referred to as 
the music power output [This 
definition of music power out¬ 
put, i.e., as the maximum un¬ 
dipped sine-wave power output, 
differs from the EIA standard 
(RS-234-A), which defines the 


Po (clipping) 
Po (music) 


1 I ^ S R 

TT Rl 4 Rl^ 


(345) 


Eq. (343), (344), and (345) 
are plotted in Fig. 437. Power 
levels are normalized with re¬ 
spect to the music power output 
and are plotted as a function of 
Rs/Rl* 

The equations plotted in Fig. 
437 suggest some interesting 
possibilities. Transistor power 
dissipation is only a small frac¬ 
tion of the clipping power output 
for higher ratios of Rs/Rl. For 
example, a 100-watt amplifier 
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Figure 437. Power output and dissipation 
as functions of Rs and Rl. 

could be built using transistors 
and associated heat sinks cap¬ 
able of only about 7 watts of 
maximum dissipation each. 

The equations presented, how¬ 
ever, do not consider high line 
voltage or effects of ripple volt¬ 
age. Calculations for average 
transistor dissipation should also 
include no-signal bias dissipa¬ 
tion and the increase in bias 
dissipation with increasing am¬ 
bient and junction temperatures 
in class AB circuits. Storage ef¬ 
fects, phase shift, and thermal 


tracking should also be consid¬ 
ered. 

Of the above factors, bias dis¬ 
sipation probably contributes the 
greatest percentage of average 
worst-case transistor dissipation. 
The output stage is usually 
biased ON slightly (class AB) to 
reduce cross-over distortion. 

It is possible, however, to de¬ 
sign amplifiers for which bias 
dissipation is not a problem. One 
such amplifier is shown in Fig. 
438. The bias dissipation in this 
amplifier is negligible at all 
practical temperatures. One side 
is cut off and the other con¬ 
ducts less than one milliampere. 
Thermal runaway cannot be ini¬ 
tiated in the output stage at any 
junction temperature below its 
maximum rating. Consequently, 
thermal tracking may also be 
neglected so long as the ambient 
temperature plus the product of 
the instantaneous dissipation 
times the junction-to-ambient 
thermal resistance is less than 
the maximum junction tempera¬ 
ture rating. 



Figure 438. Class B complementary-symmetry power amplifier. 
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Storage effects are also re¬ 
duced as a result of the reverse 
bias provided for the OFF-tran- 
sistor by the ON-transistor in 
complementary symmetry. This 
circuit, then, is one practical ex¬ 
ample of an amplifier capable of 
achieving the characteristics 
shown in Fig. 437. 

Maximum Ratio of Music 
Power to Continuous Power Out¬ 
put—Some advantages of high 
values of the ratio Rs/I^l 
correspqndingly high ratios of 
music power output to transis¬ 
tor dissipation are as follows: 

1. Reduced heat sink or tran¬ 
sistor cost: Because the 
volt-ampere capacity of the 
transistor is determined by 
the music power output, it 
is not likely that reduced 
thermal-resistance require¬ 
ments will produce signifi¬ 
cant cost reductions. Al¬ 
ternatively, the heat-sink 
requirements may be re¬ 
duced. 

2. Reduced power supply 
costs: Transformer and/or 
fi 11 e r-capacitor specifica¬ 
tions may be relaxed. 

3. Reduced speaker cost: 
Continuous power-handling 
capability may be relaxed. 

These cost reductions may be 
passed along to the consumer 
in the form of more music power 
per dollar. 

The question arises as to how 
high the ratio Rs/Rl the 

corresponding ratio of music 
power output to continuous 
power output may go before the 
capability of the amplifier to re¬ 
produce program material is im¬ 
paired. 

The objective is to provide the 


listener with a close approxima¬ 
tion of an original live perform¬ 
ance. Achievement of this objec¬ 
tive requires the subjective 
equivalents of sound pressure 
levels that approach those of a 
concert hall. Although the peak 
sound pressure level of a live 
performance is about 100 dB, the 
average listener prefers to oper¬ 
ate an audio system at a peak 
sound pressure level of about 80 
dB. The amplifier, however, 
should also accommodate listen¬ 
ers who desire higher-than-aver- 
age levels, perhaps to peaks of 
100 dB. 

A sound pressure level of 100 
dB corresponds to about 0.4 watt 
of acoustic power for an average 
room of about 3,000 cubic feet. 
If speaker efficiencies are con¬ 
sidered to be in the order of 1 
per cent, a stereophonic ampli¬ 
fier must be capable of delivering 
about 20 watts per channel. 
Higher power outputs are re¬ 
quired for lower-efficiency speak¬ 
ers. The peak-to-average level 
for most program material is be¬ 
tween 20 and 23 dB. A system 
capable of providing a continu¬ 
ous level of 77 dB and peaks of 
100 dB would satisfy the power 
requirements of nearly all listen¬ 
ers. For this performance to be 
attained, the power-supply volt¬ 
age cannot drop below the volt¬ 
age required for 100 dB of 
acoustic power while delivering 
the average current required for 
77 dB. Moreover, because sus¬ 
tained passages that are as much 
as 10 dB above the average may 
occur, the power-supply voltage 
cannot drop below the value re¬ 
quired for 100 dB of acoustic 
power while delivering 87 dB 
of acoustic power (87 dB of 
acoustic power corresponds to 
about 1 watt per channel). This 
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performance means that for 8- 
ohm loads, with output-circuit 
losses neglected, the power-sup- 
ply voltage must not decrease to 
a value less than 36 volts, while 
delivering the average current 
required for 1 watt per channel 
(0.225 ampere dc). 

It should be noted that the 
power-output capability for 
peaks while the amplifier is de¬ 
livering a total of 2 watts is not 
the music power rating of the 
amplifier because the power- 
supply voltage is below its no¬ 
signal value by an amount de¬ 
pending on its effective series 
resistance. 


Maximum Effective Series Re¬ 
sistance—There is a relationship 
between the maximum effective 
series resistance of the power 
supply and the music power rat¬ 
ing of the amplifier if it is to 
perform to the standards as out¬ 
lined above. 

The power-supply series re¬ 
sistance Rg may be expressed as 
a function of music-power out¬ 
put, as follows: 


R s 


(8Rl) Pq (music) 


1/2 




E s (min) 

r 


(346) 


where Eg (min) is the minimum 
voltage required for 100 dB of 
acoustical power output and I 
is the current required for 87 
dB of acoustical power output, 
less the idle current. [Eg(min) 
should, in practice, be increased 
by peak output-circuit voltage 
losses.] 

Eq, (346) is plotted in Fig. 
439. The value of Eg is the abso¬ 
lute maximum value of effective 
supply resistance for each music- 



Figure 439. Power-supply regulation curve. 


power value that will allow the 
amplifier to deliver a minimum 
of 100 dB of acoustical power 
output as described above. 

Use of Fig. 440 in conjunction 
with Fig. 437 shows that very 
high ratios of music power out¬ 
put to continuous power output 
may be employed without sacri¬ 
fice of the subjective ability of 



MUSIC-POWER OUTPUT PER CHANNEL—W 


Figure 440, Maximum effective senes re¬ 
sistance as a function of 
music power output. 

the amplifier to reproduce pro¬ 
gram material. This technique 
provides economic advantages 
while adhering to a minimum 
“power margin^' for the faithful 
reproduction of program ma¬ 
terial, even at loud levels. 


Tliermal-Stability Requirements 

One serious problem that con¬ 
fronts the design engineer is the 
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achievement of a circuit which 
is thermally stable at all tem¬ 
peratures to which the amplifier 
might be exposed. As previously 
discussed, thermal runaway may 
be a problem because the 
all transistors decreases at low 
current. It should be noted, how¬ 
ever, that at high current levels 
the base-to-emitter voltage of 
silicon transistors increases with 
a rise in junction temperature. 
This characteristic is the result 
of the increase in the base resis¬ 
tance that is produced by the rise 
in temperature. The increase in 
base resistance helps to stabilize 
the transistor against thermal 
runaway. In high-power ampli¬ 
fiers, the emitter resistors em¬ 
ployed usually have a value of 
about 1 ohm or less. The size of 
the capacitor required to bypass 
the emitter adequately at all 
frequencies of interest makes 
this approach economically im¬ 
practical. A more practical so¬ 
lution is to increase the value 
of the emitter resistor and shunt 
it with a diode. With this tech¬ 
nique, sufficient degeneration is 
provided to improve the circuit 
stability; at low currents, how¬ 
ever, the maximum voltage drop 
across the emitter resistor is 
limited to the forward voltage 
drop of the diode. 

The quasi-complementary ampli¬ 
fier shown in Fig. 441 incorpo¬ 
rates the stabilization techniques 
described. A resistor-diode net¬ 
work is used in the emitter of 
transistor Qg, and another such 
network is used in the collector of 
transistor Q 5 , with the emitter of 
transistor Q 4 returned to the col¬ 
lector of transistor Q 5 . Previous 
discussion regarding the p-n-p 
driver and n-p-n output combina¬ 
tion (Q 4 and Qs) showed that the 



Figure 441. Quasi-complementary amplifier 
that incorporates two stabilization networks. 


collector of the output device be¬ 
comes the ‘"effective’’ emitter of 
the high-gain, high-power p-n-p 
equivalent, and vice versa. For 
maximum operating-point stabil¬ 
ity, therefore, the diode-resistor 
network should be in the “effec¬ 
tive” emitter of the p-n-p equiva¬ 
lent. Quasi-complementary cir¬ 
cuits employing the stabilization 
resistor in the emitter of the 
lower output transistor, as shown 
in Fig. 429, do not improve the 
operating-point stability of the 
over-all circuit. 

The circuit shown in Fig. 441 
is biased for class AB operation 
by the voltage obtained from the 
forward drop of two diodes, CRi 
and CR 2 , plus the voltage drop 
across potentiometer R, which af¬ 
fords a means for a slight adjust¬ 
ment in the value of the quiescent 
current. The current necessary to 
provide this voltage reference is 
the collector current of driver 
transistor Qi. The diodes may be 
thermally connected to the heat 
sink of the output transistors so 
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that thermal feedback is provided 
for improvement of further ther¬ 
mal stability. Because the forward 
voltage of the reference diodes 
decreases with increasing tem¬ 
perature, these diodes compensate 
for the decreasing Vbe of the out¬ 
put transistors by reducing the 
external bias applied. In this way, 
the quiescent current of the out¬ 
put stage can be held relatively 
constant over a wide range of 
operating temperatures. 

Effects of Large Phase Shifts 

The amplifier frequency-re¬ 
sponse characteristic is an im¬ 
portant factor with respect to the 
ability of the amplifier to with¬ 
stand unusually severe electrical 
stress conditions. For example, 
under certain conditions of input- 
signal amplitude and frequency, 
the amplifier may break into high- 
frequency oscillations which can 
lead to destruction of the output 
transistors, the drivers, or both. 
This problem becomes quite acute 
in transformer-coupled amplifiers 
because the characteristics of 
transformers depart from the 
ideal at both low and high fre¬ 
quencies. The departure occurs at 
low frequencies because the in¬ 
ductive reactance of the trans¬ 
former decreases, and at high fre¬ 
quencies because the effects of 
leakage inductance and trans¬ 
former winding capacitance be¬ 
come appreciable. At both fre¬ 
quency extremes, the effect is to 
introduce a phase shift between 
input and output voltage. 

Negative feedback is used al¬ 
most universally in audio ampli¬ 
fiers; the voltage coupled back to 
the input through the feedback 
loop may cause the amplifier to be 
potentially unstable at some fre¬ 
quencies, especially if the addi¬ 


tional phase shift is sufficient to 
make the feedback positive. Simi¬ 
lar effects can occur in transform¬ 
erless amplifiers because reactive 
elements (such as coupling and by¬ 
pass capacitors, transistor junc¬ 
tion capacitance, stray wiring ca¬ 
pacitance, and inductance of the 
loudspeaker voice coil) are always 
present. The values of some of the 
reactive elements (e.g., transistor 
junction capacitance and trans¬ 
former inductance as the core 
nears saturation) are functions of 
the signal level; coupling through 
wiring capacitance and unavoid¬ 
able ground loops may also vary 
with the signal level. As a result, 
an amplifier that is stable under 
normal listening levels may break 
into oscillations when subjected to 
high-level signal transients. 

A large phase shift is not only 
a potential cause of amplifier in¬ 
stability, but also results in addi¬ 
tional transistor power dissipation 
and increases the susceptibility of 
the transistor to forward-bias 
second-breakdown failures. The 
effects of large-signal phase shifts 
at low frequencies are illustrated 
in Fig. 442, which shows the load- 
line characteristics of a transistor 
in a class AB push-pull circuit 



VOLTAGE (V). 5 V/DIY. 


Figure 442. Effect of large signal phase 
shift on the load-line characteristics of a 
transistor at low frequencies. 
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similar to that shown in Fig. 401 
for signal frequencies of 1000 Hz 
and 10 Hz. The phase shift is 
caused primarily by the output 
capacitor. In both cases, the am¬ 
plifier is driven very strongly into 
saturation by a 5-volt input signal. 
The increased dissipation at 10 
Hz, compared to that obtained at 
1000 Hz, results from simultane¬ 
ous high-current high-voltage op¬ 
eration. The transistor is required 
to handle safely a current of 0.75 
ampere at a collector voltage of 40 
volts for an equivalent pulse dura¬ 
tion of about 10 milliseconds; it 
must be free from second-break¬ 
down failures under these condi¬ 
tions. 

Effect of Excessive Drive 

Simultaneous high-current high- 
voltage operation may also oc¬ 
cur in class B amplifiers at 
high frequencies when the ampli¬ 
fier is overdriven to the point that 
the output signals are clipped. For 
example, if the input signal ap¬ 
plied to the series-output push-pull 
circuit shown in Fig. 443(a) is 
large enough to drive the transis¬ 
tors into both saturation and cut¬ 
off, transistor A is driven into 
saturation, and transistor B is cut 
off during a portion of the input 
cycle. Fig. 443(b) shows the col¬ 
lector-current waveform for tran¬ 
sistor A under these conditions. 

During the interval of time 
from to to tg, transistor A operates 
in the saturation region, and the 
output voltage is clipped. The ef¬ 
fective negative feedback is then 
reduced because the output volt¬ 
age does not follow the sinusoidal 
input signal. Transistor A, there¬ 
fore, is driven even further into 
saturation by the unattenuated in¬ 
put signal. When transistor B 
starts to conduct, transistor A 


+Vcc 




Figure 443. (a) Class B series-output stage, 

(b) collector-current waveform under over¬ 
drive (clipping) conditions. 

cannot be turned off immediately 
because the excessive drive results 
in a large storage time. As a re¬ 
sult, transistor B is required to 
support almost the full supply 
voltage (less only the saturation 
voltage of transistor A and the 
voltage drop across the emitter 
resistors, if used) as its current 
is increased by the drive signal. 
For this condition to occur, a large 
input signal is required at a fre¬ 
quency high enough so that the 
storage time is greater than one- 
quarter cycle. 

Because of the charging current 
through the output coupling ca¬ 
pacitor, transistor A in Fig. 
443(a) is also subject to forward- 
bias second-breakdown failure if 
the dc supply voltage and a large 
input signal are applied simul¬ 
taneously. 

All of these conditions point to 
the need for a good “safe area’' 
of operation. Fig. 444 shows the 
safe area for the RCA-2N3055. In 
all cases, the load lines fall within 
the area guaranteed safe for this 
transistor. 

Short-Circuit Protection 

Another important considera¬ 
tion in the design of high-power 
audio amplifiers is the ability of 
the circuit to withstand short- 
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COLLECTOR-TO-EMITTER VOLTAGE-V 


Figure 444. Safe-area-of-operation rating 
chart for the RCA-2N3055 homotaxial-base 
transistor. 


circuit conditions. As previously 
discussed, overdrive conditions 
may result in disastrously high 
currents and excessive dissipa¬ 
tion in both driver and output 
stages. Obviously, some form of 
short-circuit protection is neces¬ 
sary. One such technique is 
shown in Fig. 445. A current¬ 
sampling resistor R is placed in 
the ground leg of the load. If any 
condition (including a short) 
exists such that higher-than- 



Figure 445. Push-pull power amplifier with 
short-circuit protection. 


normal load current flows, 
diodes CRi and CR 2 conduct on 
alternate half-cycles and thus pro¬ 
vide a high negative feedback 
which effectively reduces the drive 
of the amplifiers. This feedback 
should not exceed the stability 
margin of the amplifier. This tech¬ 
nique in no way affects the normal 
operation of the amplifier. 

A second approach to current 
limiting is illustrated by the cir¬ 
cuit shown in Fig. 446. In this 
circuit, a diode biasing network 
is used to establish a fixed cur¬ 
rent limit on the driver and out¬ 
put transistors. Under sustained 
short-circuit conditions, however, 
the output transistors are re¬ 
quired to support this current 
limit and one-half the dc supply 
voltage. 

The circuit shown in Fig. 447 
illustrates a dissipation-limiting 
technique that provides positive 
protection under all loading con¬ 
ditions. The limiting action of 
this circuit is shown in Fig. 448. 
This safe-area limiting technique 
permits use of low-dissipation 
driver and output transistors and 
of smaller heat sinks in the out¬ 
put stages. The use of smaller 
heat sinks is possible because 
the worst-case dissipation is 
normal 4-ohm operation instead 
of short-circuit conditions. With 
this technique, highly inductive 
or capacitive loads are no longer 
a problem, and thermal cut-outs 
are unnecessary. In addition, the 
technique is inexpensive. 


Universal-Amplifier 
Design Approach 

A novel approach to the de¬ 
sign of high-quality audio power 
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Figure 446. 25-watt (rms) quasi-complementary audio amplifier using current-limiting 

diodes (Da and DO. 


+Vcc(+40 V) 

Q 



O 

-vcc(-40v) 

Figure 447. Quasi-complementary audio 
output in which diode-resistor biasing net¬ 
work is used to prevent complementary 
transistors Qi and Q 2 from being forward- 
biased by the output voltage swing. 



VOLTAGE—V 

Figure 448. Load lines for the circuit of 
Fig. 447. Load lines showing effect of the 
inclusion of high-resistance diode-resistor 
network in the forward-biasing path of 
Qi are shown dotted. 
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amplifiers is demonstrated by the 
RCA ^‘Universal Audio-Amplifier 
Program.” In this program, the 
objective is to devise basic cir¬ 
cuit configurations that can be 
used for a broad family of prac¬ 
tical audio amplifiers to cover a 
wide range of output-power 
levels. Thus far, the program has 
provided two basic amplifier con¬ 
figurations, one a true-comple¬ 
mentary-symmetry circuit and 
the other a quasi-complementary- 
symmetry circuit, that provide 
virtually all the information on 
circuit and component require¬ 
ments that a manufacturer needs 
to produce a comprehensive line 
of predesigned high-quality 
audio amplifiers for power out¬ 
puts of 3 to 70 watts. Each am¬ 
plifier is designed to provide 
a maximum performance-to-cost 
ratio. 

With just minor changes in 
component values, transistor 
complement, and supply voltage, 
the two basic circuit configura¬ 
tions offer the manufacturer of 
either packaged audio systems 
or audio components a choice of 
13 separate amplifier designs. 
The need for expensive and time- 
consuming breadboarding is 
eliminated, and only two printed- 
circuit boards are required for 
all circuits. In addition, the 
manufacturer may choose be¬ 
tween the true-complementary- 
symmetry and the quasi-comple- 
mentary circuit. 

The basis for the Universal 
Audio-Amplifier Program is a 
completely new family of low- 
cost, high-quality RCA transis¬ 
tors specifically designed for use 
in audio-amplifier circuits. This 
family includes a broad comple¬ 
ment (27 types) of n-p-n and 
p-n-p transistors, both silicon 


and germanium, and features 
RCA plastic transistors and RCA 
hometaxial-base types, the indus¬ 
try's best solution to second- 
breakdown problems. 

Universal Complementary-Sym¬ 
metry Circuit—Fig. 449 shows 
the basic configuration of a true¬ 
complementary circuit that can 
be used for nine separate audio 
amplifiers. Three of these ampli¬ 
fiers feature an all-silicon com¬ 
plement of transistors; the other 
six amplifiers use a combination 
of silicon and germanium tran¬ 
sistors. By selection of the proper 
combination of component val¬ 
ues, transistors, and supply 
voltage, the basic ''universal” 
configuration can be modified to 
provide continuous sine-wave 
audio-power outputs of 3 (two 
circuits), 5 (two circuits), 7 
(two circuits), 12, 16, or 20 
watts (rms). For each output- 
power level, the circuit is de¬ 
signed to provide the full rated 
output to frequencies well be¬ 
yond 20 kHz with a total har¬ 
monic distortion of 1 per cent. 

Component values shown on 
the circuit schematic and the 
transistors used in the input and 
predriver stages remain fixed for 
all output-power levels. The 
values of all other resistors and 
capacitors, the driver and out¬ 
put-stage transistors, and the 
supply voltage must be changed 
to alter the output-power level. 
Table XXXVII lists the specific 
values of these other resistors 
and capacitors and indicates the 
transistor requirements for each 
amplifier. The supply voltage re¬ 
quired for different output-power 
levels is listed in the voltage 
chart shown with the circuit 
schematic in Fig. 449. 
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Pout 

Vs 

(W) 

(V) 

3 

20 

3 

20 

5 

24 

5 

24 

7 

29 

7 

29 

12 

36 

16 

40 

20 

44 


All resistances are in ohms and are Vi-watt 
types unless otherwise specified. 

All capacitance values are in microfarads un¬ 
less otherwise specified. 

• Used in all 3-, 5 -, and 7-watt amplifiers. 

A Used in the 3-, 5 -, and 7-watt amplifiers 
with all silicon transistors. 


Figure 449. Universal true-complementary-symmetry amplifier. This basic amplifier con¬ 
figuration can be used for nine separate audio amplifiers capable of power output 
of 3 to 20 watts (rms). 


For all practical purposes, the 
universal complementary-symme- 
try circuit may be considered as 
a true class B amplifier. No emit¬ 
ter resistors are used in the out¬ 
put stage, and the bases of the 
complementary pair of output 
transistors are connected to¬ 
gether. If there were no dc feed¬ 
back current (i.e., current from 


output voltage divider Rj 5 and 
UiQ back to the base of the pre¬ 
driver transistor that is re¬ 
quired to establish the center 
voltage of the output stage), both 
transistors would be reverse- 
biased and, therefore, cut off. 
Because of this dc feedback, the 
n-p-n output transistor Q 5 is re¬ 
quired to conduct a small amount 
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Table XXXVII—Transistor Requirements and Component Values 
for Universal True-Complementary-Symmetry Audio-Amplifier 

Design Package 


POWER OUTPUT 


watts (rms) 

3 

3 

5 

5 

7 

7 

12 

16 

20 

TRANSISTOR 










COMPLEMENT 

(All SI) 

(Si/Ge) 

(All Si) 

(Si/Ge) 

(All Si) 

(Si/Ge) 

(Si/Ge) 

(Si/Ge) 

(Si/Ge) 

Transistor types for 

driver and output stage: 







Q4 (driver) 

40611 

40611 

40616 

40616 

40616 

40616 

40389 

40625 

40628 

Qs (n-p-n output) 

40613 

40610 

40618 

40615 

40621 

40620 

40622 

40624 

40627 

Qe (p-n-p output) 

40612 

40609 

40022 

40614 

40022 

40619 

40050 

40623 

40626 

Capacitance values: 










Cl CuF/V) 

0.1/6 

0.1/6 

0.25/6 

0.25/6 

0.5/6 

0.5/6 

1/6 

1/6 

2/6 

C3(pF) 

10 

10 

5 

5 

5 

5 

10 

22 

10 

Ce (pF) 

100 

100 

150 

150 

150 

150 

220 

470 

270 

C7()aF/V) 

500/12 

500/12 

500/12 

500/12 

500/12 

500/12 

500/15 

500/15 

500/15 

C8(mF/V) 

500/25 

500/25 

500/25 

500/25 

500/25 

500/25 

500/50 

500/50 

500/50 

Co (/xF) 

0.005 

~ 

0.005 

— 

0.005 

— 

— 

__ 


Resistance values (all resistors are y2-watt types unless otherwise specified): 



Ri (kilohms) 

91 

91 

51 

51 

27 

27 

16 

10 

8.2 

Ra (kilohms) 

68 

68 

68 

68 

91 

91 

91 

91 

91 

Rs (kilohms) 

2.7 

2.7 

3.3 

3.3 

5.1 

5.1 

7.5 

6.8 

8.2 

R7 (kilohms) 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

2.7 

2.7 

2.2 

Rs (ohms) 

620 

620 

620 

620 

620 

620 

390 

430 

360 

Ro (kilohms) 

33 

18 

27 

12 

27 

22 

18 

27 

22 

Rio (kilohms) 

5.6 

3 

3.6 

1.5 

3.3 

2.4 

1.8 

1.8 

1.3 

Ri 2 (kilohms) 

1 

1 

1.8 

1.8 

2.7 

2.7 

3.3 

6.8 

4.7 

Ris (ohms) 

120 

120 

110/lW 

110/lW 

120/lW 

120/lW 

91/2W 

120/2W 

100/2W 

Rii (ohms) 

150 

150 

110/lW 

110/lW 

120/lW 

120/lW 91/2W 

120/2W 

100/2W 

Rio (ohms) 

22 

22 

27 

27 

47 

47 

56 

100 

100 

Ri 7 (ohms) 

22 

22 

22 

22 

22 

22 

— 

__ 

_ 


of current, as established by the 
output voltage-divider network. 
This current is at least an order 
of magnitude less than the idle 
current normally required in an 
output stage to reduce cross¬ 
over distortion. Because the n-p-n 
output transistor (Q5) is ON, 
the p-n-p output transistor (Q^) 
is reverse-biased by the amount 
of the forward base-to-emitter 
voltage required by the n-p-n 
transistor to supply the dc feed¬ 
back current. The dissipation in 
transistor Q 5 produced by the 
dc feedback current is negligible. 
In addition, the dc feedback cur¬ 


rent is inversely proportional to 
temperature because the base-to- 
emitter voltage of the driver and 
predriver transistors decreases 
with temperature. As a result, 
the already negligible dissipa¬ 
tion decreases as temperature in¬ 
creases. 

The use of a complementary 
output stage operating at zero 
bias with a single class A driver 
results in exceptional dc stabil¬ 
ity in the universal complemen¬ 
tary-symmetry amplifier circuit. 
Each transistor of the comple¬ 
mentary output pair (Q 5 and Qg) 
is reverse-biased during the OFF 
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portion of its operating cycle; 
common-mode conduction, there¬ 
fore, is held to a small value. 
Diodes are not required in the 
circuit, except in the dc power 
supply. 

The idling current in the 
driver stage (Q 3 ), which must at 
least equal the maximum peak 
base current required by the 
n-p-n output transistor, is es¬ 
tablished by the two bias resis¬ 
tors R<) and The driver col¬ 
lector current is equal to the 
difference between the supply 
voltage and the center voltage 
(voltage at the common-emitter 
connection of the complementary 
output transistors) divided by 
the series resistance (R 13 + Rh). 

For proper operation of the 
amplifier, the current through 
the resistor R -14 must remain es¬ 
sentially constant during ac ex¬ 
cursions of the output voltage. 
For this purpose, a ‘‘bootstrap” 
capacitor C 7 is connected from 
the junction of resistors R 13 and 
Ri 4 to the emitters (center point) 
of the output transistors. Be¬ 
cause the voltage across this ca¬ 
pacitor does not change during 
ac output-voltage excursions, the 
change in voltage is the same at 
both connection points of the ca¬ 
pacitor. The change in voltage 
at the base of the n-p-n output 
transistor (Q5) is almost the 
same as that at the junction of 
resistors R^^ and Ri 4 , and differs 
only by the small change in the 
base-to-emitter voltage of tran¬ 
sistor Q 5 . The voltages on both 
sides of resistor R-, 4 , therefore, 
change by essentially the same 
amount so that the voltage 
across and the current through 
this resistor remain essentially 
constant. 

It is important that a reverse 


base-to-emitter bias voltage be 
applied to the output transistors 
during the OFF half-cycles. 
When reverse bias is applied to 
the output transistors during the 
OFF half-cycle, they are turned 
off in a very short time (the 
stored base-emitter charge is re¬ 
moved rapidly). As a result, high- 
frequency operation remains in 
the highly efficient class B mode. 
When the output transistors are 
not reverse-biased, but instead 
are allowed to drift off, the 
stored charge holds the transis¬ 
tors ON after forward drive has 
been removed. Operation then 
shifts toward class A push-pull, 
and efficiency is reduced and cur¬ 
rent drain, dissipation, and op¬ 
erating temperatures are in¬ 
creased at high frequencies. 

Bias for the base of the driver 
stage is derived from the center 
point of the output stage. As a 
result, dc and ac feedback pro¬ 
portional to the center voltage 
is fed to the base of the driver 
stage. The actual dc center volt¬ 
age which the feedback estab¬ 
lishes depends on the ratio of 
resistors R 9 and Rio and on the 
base-to-emitter voltage and base 
current of Qo. If a heavy direct 
current is bled through R 7 , 
changes in the base current of 
transistor Q 3 become insignifi¬ 
cant. The dc voltage at the center 
point is then determined by the 
base-to-emitter voltage of tran¬ 
sistor Q 3 . Because the percent¬ 
age of variation in base-to- 
emitter voltage of a silicon 
transistor is small, the center- 
point dc voltage is held close to 
the desired value. The values of 
resistors R 3 and R^ are chosen 
so that ( 1 ) the bleeder current in 
R 7 is large compared to the base 
current in transistor Q3, (2) the 
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ratio of the resistors provides the 
desired center-point voltage, and 
(3) the desired amount of ac 
feedback current is obtained. 

The predriver stages of the 
universal complementary-symme¬ 
try amplifier circuit employ a 
pair of n-p-n silicon transistors 
(Qi and Q 2 ) in a direct-coupled 
circuit. The feedback from the 
emitter of transistor Q 2 to the 
base of transistor Qi serves pri¬ 
marily to hold the dc operating 
point of transistor Q 2 within the 
limits necessary to prevent a dy¬ 
namic-range limitation, despite 
variations in individual transis¬ 
tors or in temperature. The loop 
feedback resistor R 2 also serves 
as the dc bias resistor from the 
base of transistor to ground 
(the resistor returns to ground 
through the output voltage- 
divider resistors Ri 5 and Rio). 

For high-frequency stabiliza¬ 
tion of loop feedback, it is neces¬ 
sary that one element within the 
loop have relatively poorer high- 
frequency response than the rest. 
Because of the local feedback es¬ 
tablished by resistor R 9 , the re¬ 
sponse of the output section is 
very high. Therefore, the re¬ 
sponse must be limited some¬ 
where in the front-end section. 
The collector-to-base feedback 
capacitance Cob of transistor 
is used for this purpose. The 
high collector load impedance of 
transistor Qi causes a high-fre¬ 
quency local feedback current to 
flow through this capacitance 
and thus limits the high-fre¬ 
quency response of transistor Q^. 

The same rules hold for low- 
frequency loop-feedback stabili¬ 
zation. It is necessary that one 
element within the loop have 
relatively poorer low-frequency 
response than the rest. The low- 


frequency response is limited by 
Cg, the speaker coupling capaci¬ 
tor. 

Because the value of resistor 
R 2 is established by the dc bias 
considerations for the front end, 
the proper amount of ac loop 
feedback is established by deriv¬ 
ing the feedback from a voltage 
divider across the output. Re¬ 
sistors Rig and R 14 divide the 
output voltage down to a level 
which provides the desired feed¬ 
back current through R 2 . Resis¬ 
tors Rig and R 14 also serve as an 
output termination when there 
is no speaker load. 

When feedback is applied to 
the base of a transistor, the tran¬ 
sistor must be driven by a cur¬ 
rent source. If a resistor is used 
to provide a current source, the 
resistor also isolates the feed¬ 
back from the rest of the circuit. 
The resistor Ri serves as a cur¬ 
rent source for transistor Q 4 and 
prevents the feedback from inter¬ 
acting with the predriver circuit. 

Some advantages of the class 
B mode and the universal com¬ 
plementary-symmetry amplifier 
design in particular are: 

1. Very low dissipation in the 
output stage at zero signal. 

2. Reduced hum and noise at 
the output. The p-n-p half 
of the output stage is OFF 
and is not turned on by the 
hum and noise. Only that 
hum and noise amplified by 
the n-p-n output transistor 
appears at the output. 

3. Small total harmonic dis¬ 
tortion as a direct result of 
the large amounts of feed¬ 
back necessary to reduce 
the crossover distortion. An 
additional gain stage is re¬ 
quired for this amplifier 
because of the feedback. 
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This additional gain stage 
is traded for the output- 
stage bias diode and emit¬ 
ter resistors. Although 
cross-over distortion is al¬ 
ways larger for class B am¬ 
plifiers than for class AB 
amplifiers, the class B am¬ 
plifier can be designed 
to have an acceptable in¬ 
termodulation distortion 
(which is predominantly 
cross-over distortion). 

4. Reduced storage effect in 
the output transistors. This 
advantage is inherent in 
all true-complementary-sym¬ 
metry amplifiers; when one 
of the output transistors 
turns on, it automatically 
reverse-biases the other 
transistor and thus pulls 
the stored charge out of 
the base region of the OFF 
transistor. 

5. Reduced power-supply volt¬ 
age requirements because 
of the removal of the emit¬ 
ter resistors in the output 
stage. There are no voltage 


drops between the power 
supply and the speaker ex¬ 
cept the transistors; there¬ 
fore, the power-supply volt¬ 
age can be reduced by 
2(Re Ip). 

Typical performance charac¬ 
teristics for all the amplifiers de¬ 
rived from the basic universal 
complementary-symmetry circuit 
configuration are shown in Table 
XXXVIII. Fig. 450 shows curves 
of distortion as a function of 
power output and output re¬ 
sponse as a function of frequency 
for the 20-watt amplifier. With 
the exception of the power-output 
level, these curves are also rep¬ 
resentative of the performance 
obtained with the other comple¬ 
mentary-symmetry amplifiers. 

Universal Quasi-Complemen¬ 
tary-Symmetry Circuit—Fig. 451 
shows the basic configuration 
of a quasi-complementary-sym¬ 
metry circuit that can provide 
outstanding performance for the 
most stringent requirements of 


Table XXXVIII—Typical Performance Data for Complementary- 
Symmetry Circuits (3 to 20 Watts) 

(Measured at a line voltage of 120V, Ta =: 25°C, and a frequency of 1 kHz, unless otherwise specified.) 


Power Output (W) 

(8-ohm load) 

Continuous Music Dynamic 

(1% THD, (5% THD, (1% THD, 

Circuit unregulated regulated regulated 

Description supply) supply) supply) 

Hum and 

Noise (dB) 
(Below con¬ 
tinuous Pout 
Input Input 
Shorted Open 

Sensi¬ 

tivity 

(mV) 

(For con¬ 
tinuous 

P out) 

Input 

Resist¬ 

ance 

(kfi) 

10 dB below 
continuous Pout 

IMD (%) 

(60 Hz and 

7 kHz, 4:1) 

3-W (All Si) 

3 

4.5 

3.6 

62 

59 

110 

91 

0.5 

3-W (Si/Ge) 

3 

4.5 

3.6 

62 

59 

110 

91 

0.5 

5-W(AIISi) 

5 

6.5 

5.8 

71 

69.5 

100 

51 

0.6 

5-W (Si/Ge) 

5 

6.5 

5.8 

71 

69.5 

100 

51 

0.6 

7-W (All Si) 

7 

11 

8 

71 

69 

no 

27 

0.8 

7-W (Si/Ge) 

7 

11 

8 

71 

69 

no 

27 

0.8 

12-W (Si/Ge) 

12 

15 

13 

77 

75 

100 

16 

0.6 

16-W (Si/Ge) 

16 

20 

19 

84 

66 

120 

10 

0.2 

20-W (Si/Ge) 

20 

30 

26 

82.3 

82.3 

100 

8.2 

0.25 
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Figure 450. Performance characteristics for the 20-watt complementary-symmetry am¬ 
plifier: (a) distortion as a function of power output; (b) relative response as a function 
universal complementary-symmetry design.) 


IN3754 (SEE NOTE) 



Pout 

Vs 

(W) 

(±V) 

12 

19 

25 

26 

40 

32 

70 

42 


All resistances are In ohms and are V 2 -watt 
types unless otherwise specified. 

All capacitance values are in microfarads un¬ 
less otherwise specified. 


Figure 451. Universal quasi-eomplementary-symmetry audio-amplifier circuit. This circuit 
configuration may be used for four separate audio amplifiers capable of power outputs of 

12 to 70 watts (rms). 
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manufacturers of high-fidelity 
amplifiers. This basic circuit can 
be used for four separate audio 
amplifier circuits that provide 
continuous sine-wave power out¬ 
puts of 12, 25, 40, and 70 watts 
(rms) with just minor changes 
in component values, supply 
voltage, and transistors. Values 
of some components (shown on 
the circuit schematic) and the 
input, predriver, and protection 
circuit transistors remain the 
same for all output-power levels. 
Table XXXIX lists the other 
component requirements for the 
four circuits. The voltage chart 
shown with the circuit schematic 
indicates the supply voltage re¬ 
quired for each output-power 
level. 

The universal quasi-comple¬ 
mentary-symmetry amplifiers fea¬ 
ture rugged hometaxial-base sili¬ 
con n-p-n output transistors. 
These transistors and the com¬ 
plementary driver transistors are 
operated class AB in an arrange¬ 
ment that ensures a small zero- 


signal current drain. Other fea¬ 
tures of the circuit include 
direct-coupled preamplifier and 
predriver stages and short-cir¬ 
cuit protection or safe-area limit¬ 
ing. 

The preamplifier stage consists 
of a balanced-bridge circuit (Qi 
and Q 2 ) that maintains quiescent 
zero dc voltage at the output. 
Feedback is coupled through re¬ 
sistor 'Rq, and ground reference 
is provided through resistor R 2 
and capacitor C 2 . The common 
emitters are returned to the posi¬ 
tive supply through resistor R 3 , 
diode Di, and resistor R 5 . Diode 
and capacitor C 4 minimize 
turn-off transients and provide 
power-supply decoupling. The 
bridge circuit is direct-coupled to 
a class A predriver stage (Q 3 ), 
which is coupled to the comple¬ 
mentary drivers (Q 4 and Q 5 ) 
through Ri 2 . The dissipation- 
limiting protection circuit is also 
connected at this point. The pur¬ 
pose of this circuit, as previously 
indicated, is to prevent the out- 


Table XXXIX—Transistor Requirements and Component Values for 
Universal Quasi-Complementary-Symmetry Audio-amplifier 
Design Packages 


POWER OUTPUT 


watts (rms) 

12 

25 

40 

70 

TRANSISTOR 

All 

All 

All 

All 

COMPLEMENT 

Silicon 

Silicon 

Silicon 

Silicon 

Transistor types for driver and output stage.- 




Q 4 (n-p-n driver) 

2N3568 

2N3568 

40635 

40594 

Qs (p-n-p driver) 

2N3638 

2N3638 

40633 

40595 

Qe, Q 7 (output) 

40631 

40632 

40633 

40636 


Resistance values (ail resistors are y 2 <watt unless otherwise specified) 


Rs (kilohms) 

10 

12 

15 

18 

R 7 (ohms) 

750 

680 

560 

470 

Rs (ohms) 

1000 

1800 

2200 

2700 

Rio (ohms) 

1800 

2200 

2700 

3300 

Rn (ohms) 

40 

47 

47 

47 

Ri 5 (ohms) 

180 

270 

390 

470 

R 22 , R 23 (ohms) 

0.47/5W 

0.43/5W 

0.39/5W 

0.33/5W 
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put stage from being driven into 
conduction if abnormally high 
dissipation occurs. The dissipa¬ 
tion-limiting circuit provides a 
shunt path for the drive current 
from the associated driver and 
output devices. Resistor R 12 pro¬ 
vides some limiting of the cur¬ 
rent that transistor Qg must sup¬ 
port during overload conditions. 
Capacitor Cg bypasses R 12 to im¬ 
prove transient response. Diodes 
D 2 , D 3 , and D 4 and resistor R^ 
provide a controlled forward 
bias on the drivers and output 
devices so that class AB opera¬ 
tion is maintained. The ''boot¬ 
strap” capacitor supplies the 
extra voltage swing necessary to 
saturate the upper output pair 
(Q4 and Qe) through resistors 
Rg and Rjq. Capacitor C 7 supplies 
a controlled voltage swing 
through Rg and R^^ to overcome 
the normal losses introduced by 
resistor R 12 '. Resistor R 13 and ca¬ 
pacitor Cg provide high-fre¬ 
quency decoupling for the nega¬ 
tive dc supply line. Resistors R 20 
and R 21 , with R 22 and R 23 , provide 
the necessary stabilization for 
the output transistors (Qg and 
Q7). Current is sampled across 
resistor R 23 for positive-cycle 
sensing and coupled to transis¬ 
tor Qg through resistor R 17 . Si¬ 
multaneous voltage sampling is 
provided by resistor R 14 and 


diode Dg. Current is sampled 
across resistor R 22 for negative- 
cycle limiting and coupled to 
transistor Qg through resistor 
Rig. Voltage sampling by resis¬ 
tors Ri 5 and R 13 and diode D 7 
causes a change in the slope of 
the limiting characteristics. Re¬ 
sistors R 24 and R 25 , capacitors 
Ci 3 and Ci 5 , and inductor Li 
provide high-frequency roll-off 
(above 50 kHz) so that a good 
margin of stability can be main¬ 
tained under any loading condi¬ 
tions; capacitors Cjq, Ch, and 
C 12 provide additional stability 
during limiting. Diodes D 5 and 
Dg prevent forward-biasing of 
the collector-base junctions of 
transistors Qg and Q7 during al¬ 
ternate half-cycle signal swings. 
Capacitors C 14 and Cig provide 
parasitic suppression. Diode Dg 
and resistor Rjg ensure a trans¬ 
conductance match between the 
upper and lower Darlington pairs 
to minimize low-level distortion. 

Table XXXX summarizes the 
performance characteristics of 
the four amplifiers that can 
be designed from the univer¬ 
sal quasi-complementary-symme¬ 
try design package. Each ampli¬ 
fier provides the full rated power 
output to frequencies well be¬ 
yond 20 kHz at a total harmonic 
distortion of 1 per cent. The 
curves of distortion as a function 


Table XXXX—Typical Performance Data for Quasi-Complementary- 
Symmetry Circuits (12 to 70 Watts) 

(Measured at a line voltage of 120V, Ta = 25°C, and a frequency of 1 kHz, unless otherwise specified,) 


Hum and Sensi- 10 dB below 

Power Output (W) (8n load) Noise (dB) tlvity continuous Pout 

Continuous Music Dynamic (Below con- (mV) Input 

(1% THD, (5% THD, (1% THD, tinuous Pout (For con- Resist- IMD (%) 

Circuit unregulated regulated regulated input input tinuous ance (60 Hz and 

Description supply) supply) supply) Shorted Open Pout (kfi) 7 kHz, 4:1) 

12-W(AIISi) 12 18 16.5 75 70 500 20 0.2 

25-W(AIISi) 25 38 33 80 75 600 20 0.1 

40-W(AIISI) 40 55 50 80 75 600 20 0.1 

70-W(AII$i) 70_100 88 85 80 700 20 0.1_ 
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of power output and of output 
response as a function of fre¬ 
quency for the 60-watt amplifier, 
shown in Fig. 452, are indicative 
of the performance capabilities 
of these amplifiers. 
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POWER OUTPUT—W 
(a) 


100 



(b) 


Figure 452. Performance curves for the 70- 
watt quasi-complementary-symmetry audio 
amplifier: (a) distortion as a function of 
power output; (b) relative response as a 
function of frequency. (These curves are 
representative of the performance provided 
by the universal quasi-complementary- 
symmetry design.) 


voltage-breakdown capabilities 
required of conventional circuits. 
This performance is possible be¬ 
cause the load can swing the full 
supply voltage on each half¬ 
cycle. The load is direct-coupled 
between the center point of 
two series-connected push-pull 
stages. This bridge type of ar¬ 
rangement eliminates the need 
for expensive coupling capaci¬ 
tors or transformers. These fea¬ 
tures are very attractive in 
applications for which the sup¬ 
ply voltage is fixed, such as auto¬ 
motive or aircraft supplies. 

The bridge-amplifier configu¬ 
ration consists essentially of two 
complementary-symmetry ampli¬ 
fiers with the load direct-coupled 
between the two center points. 


B + 



Bridge-Amplifier 
Design Approach 


Figure 453. Block diagram of bridge type 
of audio-amplifier circuit. 


Fig. 453 shows the block dia¬ 
gram of an audio-amplifier con¬ 
figuration that, for a given dc 
supply voltage, transistor volt¬ 
age-breakdown capability, and 
load, can provide four times the 
power output obtainable from a 
conventional push-pull audio¬ 
output stage. Alternatively, given 
power-output and load require¬ 
ments may be achieved from this 
circuit configuration with half 
the supply voltage and transistor 


Each amplifier section is driven 
by a class A driver stage that 
uses a transistor Darlington 
pair. The amplifiers must be 
driven 180 degrees out of phase. 
This dual-phase drive is pro¬ 
vided by a differential-amplifier 
type of input stage, which also 
provides the advantage of a high 
input impedance. 

Fig. 454 shows the basic con¬ 
figuration of an experimental 
breadboard circuit designed to 
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Figure 454. Basic circuit configuration for a bridge type of audio amplifier. 


evaluate the bridge-amplifier ap¬ 
proach to audio-amplifier design. 
The major difference between 
this type of circuit and the con¬ 
ventional complementary-symme¬ 
try circuit, besides the increased 
output power, is the higher cur¬ 
rent requirement of the class A 
driver stages. This current is 
twice the value normally re¬ 
quired because the peak value of 
the output current is doubled. 
The feedback network from each 
complementary-symmetry output 
section back to the base of the 


corresponding class A driver 
stage, which establishes the cen¬ 
ter-point voltage in the output 
stage, also provides a minimum 
of 22 dB of ac feedback. 

The differential-amplifier in¬ 
put stage operates at ten times 
the required value of peak input 
current to ensure linear opera¬ 
tion. Balanced feedback is taken 
from each side of the load and 
coupled back to the separate 
bases of the differential-ampli¬ 
fier transistors. Fig. 455 shows 
curves of total harmonic distor- 
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POWER OUTPUT—W 


Figure 455. Total harmonic distortion (at 
1 kHz) of the bridge audio amplifier as a 
function of power output for different values 
of balanced loop feedback. (Distortion per¬ 
formance is comparable to that of a single- 
ended amplifier that provides one-quarter 
of the power output for the same dc 
supply voltage.) 


tion as a function of power out¬ 
put for operation of the bridge 
amplifier with 0 dB, 20 dB, and 
28 dB of balanced feedback. Figs. 
456 and 457 show total harmonic 
distortion and relative response 
as functions of frequency for the 
bridge amplifier operated with 
20 dB of balanced feedback. 

One problem encountered in 
the bridge amplifier is the 
achievement of a zero center- 
point (offset) voltage. The load 
circuit conducts a direct current 
proportional to the difference 
(offset) between the voltage at 
the center points of the two 
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Figure 456. Total harmonic distortion of 
the bridge audio amplifier as a function 
of frequency. 


complementary-symmetry output 
stages. The dc dissipation in the 
load circuit is, of course, propor¬ 
tional to the square of the offset 
voltage. In this breadboard cir¬ 
cuit, two potentiometers are used 
to balance the center-point volt¬ 
age of the two output-stage sec¬ 
tions. 



Figure 457. Relative response of the bridge 
audio amplifier. 


ULTRASONIC POWER SOURCES 

Ultrasonics is a term applied to 
the relatively new field of engi¬ 
neering in which high-frequency 
acoustical energy is used to effect 
an ultimate improvement in a 
product or process. The improve¬ 
ment may take place in cleaning, 
soldering, welding, drilling, de¬ 
foaming, and degassing, or in con¬ 
trol, measurement, detection, and 
medical diagnostics. 

The frequency range used in 
ultrasonics is typically between 15 
kHz and 10 MHz. A few applica¬ 
tions employ lower frequencies to 
achieve maximum particle dis¬ 
placement ; at these lower frequen¬ 
cies, however, the power level 
must be kept low to avoid painful 
discomfort to those working in 
the vicinity. In testing applica¬ 
tions, higher frequencies are re¬ 
quired because the smaller the 
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wavelength, the smaller the flaw 
that can be detected. 

The power level used in ultra¬ 
sonic engineering depends upon 
the application. Large-scale indus¬ 
trial-cleaning operations may re¬ 
quire many kilowatts, while mea¬ 
suring and testing applications 
may require only a few micro¬ 
watts. Table XXXXI lists some of 
the general industrial applications 
of ultrasonics, together with a 
brief description of the various 
applications and the typical power 
level and frequency required for 
each. 

Many devices can be used to 
produce ultrasonic energy; these 
devices are called transducers. All 
transducers can be classified in one 


of three groups: mechanical, mag- 
netostrictive, or electrostrictive. 
Mechanical transducers are ap¬ 
plied for the most part to the pro¬ 
duction of acoustic and ultrasonic 
oscillations in air or other gaseous 
media. Mechanical transducers 
used as sources of ultrasonic 
waves in air include whistles, gas- 
jet generators, and sirens. The 
power sources used in these de¬ 
vices usually incorporate a type of 
pressurized gas or fluid. The gas 
and liquid transducers convert a 
steady mechanical force into a 
vibratory mechanical force. 

In solids, however, the same ef¬ 
fect is not possible. In this case 
a source of electrical energy at 
the required operating frequency 


Table XXXXI—Ultrasonic Applications 




POWER RANGE 

FREQUENCY RANGE 

APPLICATION 

DESCRIPTION 

(Watts) 

(kHz) 

Ultrasonic cleaning 
and degreasing. 

Cavitated cleaning solu¬ 
tion scrubs parts 
immersed in solution. 

50 to 25,000 
(Typically 100 watts 
per gallon of 
solution). 

20 to 40 

Drilling, cutting, and 
polishing of hard 
and brittle materials. 

Abrasive slurry between 
vibrating tool and 
work piece cuts 
into material. 

50 to 2,000 

16 to 30 

Soldering and 
brazing. 

Ultrasonically vibrat¬ 
ing solder removes 
oxide film eliminat¬ 
ing the need for flux. 

0.5 to 250 

16 to 30 

Welding metals 
and plastics. 

Vibrating tool gener¬ 
ates high tempera¬ 
ture at interface of 
the two materials. 

10 to 1,000 

16 to 30 

Emulsification, dispersion, 
and homogenization. 

Mixing and homogeniz¬ 
ing of liquids, slur¬ 
ries and creams. 

100 to 2,000 

16 to 1,000 

Control and measure¬ 
ment, alarm systems, 
counting. 

Interruption or deflec¬ 
tion of beam, damp¬ 
ing of transducer. 

0.1 to 50 

16 to 45 

Flaw detection. 

Determination of size 
and location of flaws 
in solids by the 
pulse-echo technique. 

0.5 to 20 

1,000 to 10,000 

Medical; surgery 
and diagnostics. 

Ultrasonic surgical 
knife cuts through 
tissue. Locating tu¬ 
mors and other 
flaws using the 
pulse-echo technique. 

1 to 1,000 

100 to 10,000 
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is converted into a vibrating me¬ 
chanical force. This conversion is 
accomplished through the use of 
special materials which have mag- 
netostrictive or electrostrictive 
properties. 

Magnetostriction is the name 
applied to the change in length of 
a magnetic material under the in¬ 
fluence of an external magnetic 
field. Whether a magnetic material 
(such as iron, nickel, cobalt, or a 
magnetic alloy) lengthens or 
shortens depends on a property of 
the material and is not dependent 
on the direction of the magnetic 
field. Fig. 458 shows the strain 
(change in length per unit length) 
as a function of magnetic field 



Figure 458. Strain as a function of mag¬ 
netic field strength for several magneto- 
strictive materials. 


strength for several magnetostric- 
tive materials. It can be seen that 
nickel gets shorter as the magnetic 
field is increased, while Permen- 
dum gets longer. Fig. 459 shows 
how a bar of material that has a 
positive strain coefficient (length¬ 
ens with increased magnetic field) 
would react to an alternating mag¬ 
netic field with no static biasing 
field. It can be seen that the bar 
vibrates at twice the generator 
frequency and that the amplitude 
is AL peak to peak. 



Figure 459. Reaction of a bar of material 
that has a positive strain coefficient to an 
alternating magnetic field when no static 
biasing field is used. Waveforms show 
change in length of bar (top) and alternat¬ 
ing current (bottom) used to produce the 
magnetic field. 


Fig. 460 shows the effect of 
adding a static biasing magnetic 
field. This bias could also be sup¬ 
plied by a permanent magnet. The 
dc bias field yields an initial dis¬ 
placement AL. Under these condi- 



Figure 460. Reaction of bar of material 
that has a positive strain coefficient to an 
alternating magnetic field when static 
biasing is employed. Waveforms show 
change in length of bar (top), alternating 
current used to produce alternating field 
(center), and direct current (bottom) used 
to produce the bias field. 
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tions, the bar oscillates about its 
equilibrium position at the fre¬ 
quency of the generator with a 
peak-to-peak amplitude of 2AL. 

The piezoelectric effect is a 
phenomenon that occurs in cer¬ 
tain crystals; the crystals are 
deformed when subjected to an 
electric field. The converse is 
also true; i.e., if the crystal 
(quartz, Rochelle salt, barium 
titanate) is strained, an electric 
charge appears at its edges. 

The piezoelectric effect in the 
first mode is used in the genera¬ 
tion of high-frequency sound 
waves. This effect is accomplished 
by application of an alternating 
voltage of the desired frequency 
to the crystal. Fig. 461 shows an 
example of this method. 


ELECTRICAL 



Figure 461. Application of an alternating 
voltage to a piezoelectric crystal to pro¬ 
duce high-frequency sound waves. 


In the design of equipment that 
uses electromechanical trans¬ 
ducers, a useful equivalent circuit 
for the transducer must be avail¬ 
able. Fig. 462(a) shows the equiv¬ 
alent of a magnetostrictive trans¬ 
ducer in which Z^, Z^, and N 
depend upon the magnetic and 
physical properties of the core ma¬ 
terial. Fig. 462(b) is an approxi¬ 
mate equivalent circuit for the 
transducer. The reactive compo¬ 
nent of the input impedance is 
attributed primarily to the induc¬ 
tance of the winding. This indue- 


c^-S— 


o- 


ELECTRICAL MECHANICAL 

INPUT LOAD 

(a) 


O 

O 



(b) 


Figure 462. (a) Actual equivalent circuit 
and (b) simplified approximation of a 
magnetostrictive transducer. 

tance is a function of the number 
of turns and the transducer core 
material. The resistance R repre¬ 
sents the mechanical load. To ob¬ 
tain mechanical energy, it is nec¬ 
essary to provide electrical power 
to this resistance. Because mag¬ 
netostrictive transducers usually 
operate with a static bias field, a 
dc component of current must be 
supplied to the transducer. Fig. 
463 shows a typical circuit. 



Figure 463. Circuit showing application of 
electrical power to a magnetostrictive 
transducer. 


In the circuit, the choke is used 
to prevent the high-frequency sig¬ 
nal from shorting through the low- 
impedance dc supply. The capaci¬ 
tor C is required to prevent dc 
from flowing through the gener¬ 
ator. In addition, the value of C 
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can be chosen so that the induc¬ 
tive reactance of the transducer 
is cancelled. 

Fig. 464(a) is the equivalent 
circuit for a piezoelectric crystal; 
Z^, Zi>, and N are functions of the 
electrical and physical properties 
of the crystal. Fig. 464(b) shows 
the approximate equivalent circuit 
used to represent a piezoelectric 
transducer for the purpose of 


a 

a 
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figure 464. (a) Actual equivalent circuit 

and (b) simplified approximation of a 
piezoelectric crystal. 


making calculations. The capaci¬ 
tance is usually tuned out by use 
of either a parallel or series in¬ 
ductor in the matching circuit 
between the generator and trans¬ 
ducer. 

The majority of ultrasonic ap¬ 
plications employ a continuously 
oscillating power source. In fact, 
the only application listed in Table 
XXXXI that does not make use of 
a continuous wave is flaw detec¬ 
tion by the pulse-echo technique. 
For this reason, the following 
discussion of ultrasonic power 
sources is limited to the continu¬ 
ous-wave type. Table XXXXI 
shows that most of the frequen¬ 
cies and power levels required are 
such that transistors can be used 
in the power generators. There¬ 
fore, the power sources discussed 
below are of the solid-state type. 


The waveform delivered to the 
transducer can be of the square 
or sinusoidal type. As a result, 
there are four basic methods of 
power generation: 

1. a low-power square-wave 
inverter followed by a class 
B push-pull power ampli¬ 
fier, 

2. a square-wave power inver¬ 
ter that drives the load di¬ 
rectly, 

3. a low-power sine-wave os¬ 
cillator followed by a class 
B push-pull amplifier, 

4. a self-oscillating power am¬ 
plifier that drives the load 
directly. 

The detailed explanation of cir¬ 
cuit operation and design proce¬ 
dures for each of these circuits is 
given in other parts of this manual. 

If the transducer used can oper¬ 
ate with a square-wave power 
source, then an inverter should be 
used because it affords very high 
efficiency. However, if the electro¬ 
mechanical transducer is required 
to deliver sinusoidal power to its 
load (cleaning solution, abrasive 
slurry, and the like), sinusoidal 
electrical power must be delivered 
to the resistor representing the 
load in the equivalent circuit of 
the transducer. 

Fig. 465 shows one method of 
obtaining a voltage sine wave 



MATCHING 
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Figure 465. Use of a transducer and 
resonant matching network to convert 
a square-wave input to a sinusoidal output. 
Reactive component of transducer is used 
as the shunt inductor or capacitor of the 
matching network depending upon whether 
a magnetostrictive or electrostrictive type 
of transducer is used. 







426 


RCA Silicon Power Circuits Manual 


across Rl. In this circuit, the gen¬ 
erator supplies a square-wave 
voltage; the matching network 
filters out the harmonics so that 
only the fundamental component 
remains. The matching network 
includes the reactive component of 
the transducer as a shunt inductor 
or capacitor, depending upon 
whether the transducer is of the 
magnetostrictive or electrostric- 
tive type. In other words, the re¬ 
active component of the trans¬ 
ducer is used as part of the filter. 
With this type of network a tran¬ 
sistorized inverter can be used to 
drive the transducer. The Q of the 
series tuned matching circuit 
should be at least 5. 

The simplicity of this type of 
system is shown in Fig. 466. In 
the push-pull inverter with a se¬ 
ries tuned load, each transistor 
provides current half of the time. 
The current flows only during the 
time that the transistor collector- 
to-emitter voltage is near zero 
[VcE(sat)]. During the half-cycle 
when the voltage across the tran¬ 
sistor is equal to 2Vcc> there is no 
current flow. During both half¬ 
cycles, the dissipation in the de¬ 
vice is essentially zero. Theoreti- 
callj^, then, the efficiency could 


approach 100 per cent. A thorough 
analysis and detailed design pro¬ 
cedure for inverters is given in 
the section on Power Conversion. 

One disadvantage of the in¬ 
verter approach is that the funda¬ 
mental frequency is determined by 
the feedback network. Any time 
there is a change in the reactance 
of the load, its resonant frequency 
changes and the operating fre¬ 
quency of the inverter must be 
adjusted to the new resonant fre¬ 
quency. If the frequency is not 
adjusted, the power delivered to 
the load decreases and the power 
dissipated in the transistor in¬ 
creases. With most practical trans¬ 
ducers, the reactive component is 
continually changing. 

One method used to overcome 
this problem is to let the load de¬ 
termine the frequency by use of a 
tuned-load class C oscillator, such 
as that shown in Fig. 467. With 
this arrangement, the operating 
frequency is always the resonant 
frequency of the load. 

Fig. 468 shows that the class C 
oscillator provides a pulse of cur¬ 
rent to the load. The load is paral¬ 
lel tuned; the voltage across the 
load, therefore, is sinusoidal. The 
period (T) of the current pulse is 




SERIES- 

TUNED 

LOAD 


Figure 466. Use of a push-pull switching inverter to drive a transducer that forms part 
of a series-tuned load circuit. 
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Figure 467. Class C oscillator that operates 
into a tuned load circuit. 


equal to the reciprocal of the reso- 
nant frequency 4 of the load. 
Therefore, if f^ changes, there is 



Figure 468. Simplified equivalent circuit 
for the class C oscillator shown in 
Fig. 467. 


a corresponding change in T. Fig. 
469 shows the collector voltage 
and collector current for the class 
C oscillator. 



•c 



1 0 CONDUCTION 
^"ANGLE 


Figure 469. Collector voltage and current 
waveforms for the Class C oscillator shown 
in Fig. 467. 


The magnitude of the collector- 
current pulse is determined by the 
load power. The current peak oc¬ 
curs at VcE(sat), which is ap¬ 
proximately zero. As the conduc¬ 


tion time of ic is made smaller, 
the efficiency increases; however, 
ic must also increase to maintain 
the same power output. In the 
limit, an infinite pulse of zero 
width would yield 100-per-cent 
efficiency. However, this limit 
would require an infinite circuit 
Q. It can easily be shown that, for 
a fixed Vcc, the power output is 
proportional to the area under the 
current pulse shown in Fig. 469, 
where the area is determined by 
the magnitude and conduction 
angle of the current pulse. The 
maximum value of ic is limited by 
the maximum current rating of 
the transistor used. The maximum 
power output [for a given Vcc 
and Ic(max)]» therefore, is propor¬ 
tional to the conduction angle. 
However, because the efficiency is 
inversely proportional to the con¬ 
duction angle, it is obvious that 
some sort of compromise must be 
made. The following examples 
should help to determine the best 
compromise: 

Example No. 1: In class C oscil¬ 
lators, the maximum collector volt¬ 
age rises to a value equal to twice 
the supply voltage [i.e., VcE(max) 
= 2Vcc]» as indicated in Fig. 470. 
This condition occurs when the 



Figure 470. Collector voltage and current 
waveforms for an oscillator circuit that has 
a conduction angle of 180 degrees. 

transistor is reverse-biased. The 
Veev(sus) rating of the transis¬ 
tor used, therefore, should be 
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equal to, or greater than, 2Vc!c- 
The relationship between dc input 
power P^, power delivered to the 
load Pl, transistor dissipation 
and circuit efficiency r] can be cal¬ 
culated for a typical transistor 
operated in a circuit of this type. 
The parameters assumed for the 
transistor are as follows: 


VcEv(sus) = 100 volts 
Ic(max) = 20 amperes 
Td(max) = 200°C 

TRj_c (includes heat sink) = 3°C/W 
Ta = 80°C (ambient) 

For these parameters, P^^ should 
not exceed (200 — 80)/3, or 40 
watts. For Vcc == 100/2 = 50 volts, 
Ip = Ic(max) = 20 amperes, and 
conduction angle 6 ~ rr (maximum 
power output), the quantities P^, 
Pj^, Pd, and 7] are calculated as fol¬ 
lows : 


Ps== 


27r 

Vcc 

27r 


Vcc ic d^ 


f Ip si 
•>'0 


sin 6 d0 


>cc Ip 

27r 


(— cos 6) 


]■ 

-JQ 


_ Vcc Ip 
2x 

.Vcc Ip 


(1 + 1 ) 

0.317 Vcc Ip = 320 watts 


Pl = ~ / Vcc sin 6 Ip sin 6 dd 
27r J Q 

= f 0^0 = Vccip 

2x 7 (,4 

= 0.25 Vcc Ip = 250 watts 

Pd = Ps - Pl = 0.067 Vcc Ip 
= 70 watts 

r? = Pl/Ps = 78% 

The calculated value for the 
transistor dissipation = 70 


watts) exceeds the maximum al¬ 
lowable value (40 watts). This 
condition indicates the value cal¬ 
culated for the maximum power 
output (Pl = 250 watts) cannot 
be obtained because of thermal 
limitations. 

Example No. 2: If the condi¬ 
tions Vcc = volts and 0 = tt 
are maintained, then the efficiency 
7 ) is still 78 per cent. The peak 
current Ip, therefore, must be re¬ 
duced so that the transistor dissi¬ 
pation Pj does not exceed 40 watts. 
(The same heat sink and thermal 
temperature used in example No. 
1 are assumed.) The new value of 
Ip is calculated as follows: 

Pd == 0.067 Vcc Ip = 40 watts 
Ip = 40/(0.067X50) = 11.5 amperes 

The power delivered to the load 
Pl then becomes 

Pl = (0.25) (50) (11.5) = 142 watts 

Although the transistor current 
is only slightly more than one- 
half the maximum current rating, 
the dissipation is equal to the 
maximum allowable value under 
the given conditions. In other 
words, the junction temperature 
is at its maximum rating. 

Example No. 3: If the conduc¬ 
tion angle is decreased to Ys of 
the cycle (i.e., 0 = 27 r /3 = 120'"), 
the transistor dissipation is sub¬ 
stantially reduced. Fig. 471 shows 
the collector current and voltage 
waveforms for this condition. If 
all other conditions are assumed 
to be the same as for example No. 
1, the dc input power, load power, 
transistor dissipation, and effi¬ 
ciency are calculated as follows: 
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Vcc Ip 
Stt 




0.15 Vcc Ip = 150 watts 

r57r/6 


Pl = — / Vcc sin 6 Ip sin — 0 d0 
2 ^^ Jrl6 2 

rbirlQ 

~ / sin ^ sin ~ 0 

2 ^ A /6 2 



= ^CC Ip 

27r 


(0.966-0.05-0.26+0.193) 


0.85 

27r 


Vcc Ip =0.135 Vcc Ip=35 watts 


Pd = Ps-Pl = 0.015 Vcc Ip = 15 watts 
V = Pl/Ps = 90 per cent 

For a conduction angle of one- 
third of a cycle, therefore, the 
transistor is not limited by power 
dissipation under the conditions 
stated. The transistor can operate 
at full voltage and current ratings. 
If the heat sink used in examples 



Figure 471. Collector voltage and current 
waveforms for an oscillator circuit that has 
a conduction angle of 120 degrees. 


Nos. 1 and 2 is employed, the junc¬ 
tion temperature is maintained 
well below the rated level. 

Example No. 4: The design of 
a practical class C oscillator which 
has a conduction angle 0 of 120° 
and an over-all circuit efficiency r) 
of about 80 per cent is illustrated 
by the following example: 

The design conditions are as 
follows: 


Vcc = 50 volts; Pl = 125 watts 
Rl = 1000 ohms in parallel with a 
0.005-microfarad capacitor 
f =25 kHz 
TRhs= 2°C/W 
Ta = 80°C 
0 = 2t/S 

For these conditions, the follow¬ 
ing values are calculated: 


Pl = (0.135) (Vcc) (Ip) 

125= (0.135) (50) (Ip) 

Ip = 18.5 amperes 

Pd = (0.015) (50) (18.5) = 14 watts 


The Q of the load circuit, which 
is equivalent to RL/ 277 fL for a 
parallel tuned network, is 2.5. The 
value of the load-circuit' indue- 
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tance L, therefore, may be calcu¬ 
lated as follows: 

L = 1000/(27r)(25)(10^)(2.5) 

= 2.5 millihenries 

The load-circuit capacitance then 
is determined as follows: 

27rf= 1/(LC)^ 

C =0.01 microfarad 

Because the load resistance Rl 
is shunted by a capacitance of 
0.005 microfarad, the actual value 
of the capacitor used in the output 
tuned circuit is 0.015 -- 0.005, or 
0.01 microfarad. 

The transistor requirements are 
as follows: 

VcEv(sus) > 2 Vcc = 100 volts 
Ic(max) >18.5 amperes 
Pd (max) >14 watts at Tc = 108®C 
[80^C ambient + (14)(2°C/W)] 

Therefore, the thermal resistance 
from junction to case TRj.c < 7V 
watt. 

Information on the selection of 
core size and material is given in 
the section on inverters. For this 
design, a toroid of linear mate¬ 
rial (Arnold Engineering No, 
A438381-2 or equivalent) is used. 
Use of 100 turns of No. 24 wire 
for the secondary winding pro¬ 
vides 2.7 millihenries of open-cir¬ 
cuit inductance. This secondary 
provides the inductance of the 
matching network. 

The power output Pi, is equal to 
125 watts and the load resistance 
Rl is equal to 1000 ohms. The 
peak voltage across the load, there¬ 
fore, is 500 volts. The transformer 
turns ratio then becomes 

N = 500/50 = 10:1 

Ten turns of No. 22 wire, there¬ 
fore, are required for the pri¬ 


mary. The remainder of the cir¬ 
cuit design procedure is covered 
under the design of class C oscil¬ 
lators in the section on High-Fre¬ 
quency Power Amplifiers. Fig. 

472 shows the schematic diagram 
of the completed circuit, and Fig. 

473 shows the circuit waveforms. 


50 V 



Figure 472. 125-watt, 25-kHz, class C 
oscillator. 



Figure 473. Current and voltage waveforms 
for the class C oscillator shown in Fig. 472. 
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SERVO AMPLIFIERS 

A servomechanism system is a 
feedback control system in which 
the difference between a reference 
input and some function of a con¬ 
trolled variable is used to supply 
an error signal to the control ele¬ 
ments. The error-signal amplifier 
is used to drive the control ele¬ 
ment to reduce the difference be¬ 
tween the two functions to zero. 
The amplifiers used for such func¬ 
tions may be operated in either 
linear or switching service de¬ 
pending upon the type of control 
system desired. 


Linear Servo Amplifiers 

The design of a linear electronic 
servo amplifier depends on the na¬ 
ture of the input error signal and 
the output requirements. Selection 
of transistors and detailed circuit 
design are accomplished by normal 
design procedures as discussed in 
the section on Audio-Frequency 
Power Amplifiers. The types of 
amplifiers that are used may be 
classified according to input and 
output requirements as follows: 

(1) dc-input, dc-output 

(2) dc-input, ac-output 

(3) ac-input, dc-output 

(4) ac-input, ac-output 

Special circuit design is usually 
necessary in all classes to control 
phase shift over the range of fre¬ 
quencies involved. Normally, the 
ac signal is of constant frequency 
(60 or 400 Hz) ; the design prob¬ 
lems, therefore, are not too diffi¬ 
cult. 

Servo amplifiers in classes (2), 
(3), and (4) are essentially 
normal amplifiers except that class 
(2) types may include a “chopper’’ 


and in class (3) types the output 
stage includes rectification and, 
possibly, filtering. 

In class (1), the usual stability 
and drift problems common to dc 
amplifiers must be solved. If 
necessary, a direct-coupled ampli¬ 
fier may be used; when possible, 
however, the more desirable 
“chopper-stabilized” dc amplifiers 
should be used. A chopper-stabil¬ 
ized dc amplifier consists of two 
switches, sometimes built into the 
same package and driven syn¬ 
chronously. The input switch 
chops the dc signal and thus con¬ 
verts it into a series of pulses 
that can be amplified by a normal 
ac amplifier. The second switch is 
connected to the amplifier output, 
and synchronously rectifies the ac 
output signal. With this technique, 
the dc drift of the amplifier is not 
a factor in the dc output signal. 

For the case of the direct- 
coupled amplifier, the output 
stages follow conventional class A 
or class B designs except for spe¬ 
cial techniques used to assure 
thermal stability and drift-free 
operation when the amplifier is 
operated over the entire expected 
temperature range. 

For applications in which the 
circuit arrangement must drive an 
amplifier with a dc input and pro¬ 
duce a reversible-phase ac output 
(class 2), special techniques must 
be employed in the output stage. 
This type of servo amplifier, 
which is similar to the balanced 
modulator with suppressed car¬ 
rier, is the most common, and is 
found in many X-Y plotters. 

Fig. 474 shows a simple control 
system with direct feedback. In 
this circuit the reference input 
and the feedback are passed to a 
comparator in which an error sig¬ 
nal is produced and amplified to 
produce the controlled variable. 
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REFERENCE CONTROLLED 



FEEDBACK 


Figure 474. Block diagram of a simple 
control system that uses direct feedback. 


Fig. 475 shows a phase-sensi¬ 
tive amplifier which takes a dc in¬ 
put and produces an ac output. 
The collectors of both transistors 
are fed from the ac supply, which 
must be in phase with the servo- 
system supply so that a phase ref¬ 
erence is provided. Both collectors 
go positive at the same half-cycle, 
and when there is no input both 
carry the same amount of cur¬ 
rent. Under these conditions, the 
output transformer produces zero 
voltage. If terminal A becomes 
more positive, conducts more 
heavily than Q 2 ; thus, there is a 
net field, and a resultant net 
voltage, coupled through the 


+Vbb 



riguro 475. Fhase-sensilive linear servo 
amplifier that develops an ac output for a 
dc input. 


transformer windings. If termi¬ 
nal B becomes positive with re¬ 
spect to terminal A, the phase of 
the ac output voltage reverses. 
This type of amplifier can easily 


be adapted to the case of ac input 
to ac output with the addition of 
an input transformer. An appli¬ 
cation of an amplifier similar 
to that of Fig. 412 has been pre¬ 
viously identified as an X-Y 
plotter. In this application, a 
servo motor is supplied with 
a voltage from the servo sup¬ 
ply system to one winding; the 
output voltage of this amplifier 
is applied to another winding. 
This motor drives the mechanical 
pen in one of the axes. A position 
voltage is obtained from a poten¬ 
tiometer setup connected to the 
mechanical assembly. This voltage 
is compared to the input voltage 
of the instrument, and the result¬ 
ing error voltage is applied to the 
amplifier. The servo motor drives 
the assembly in the direction that 
tends to cancel the error voltage. 
A similar arrangement is used for 
the other axis. 

The basic principle of feedback 
control tends to produce accurate 
performance because the control 
system endeavors continually to 
correct for any error. This correc¬ 
tive action, however, can give rise 
to a condition of unstable action 
when the control elements exhibit 
large amounts of amplification and 
phase shift. An unstable system 
may produce large sustained os¬ 
cillation or erratic control, either 
of which makes the entire system 
useless. 

In an effort to increase the ac¬ 
curacy of a system, the usual ap¬ 
proach is to increase the gain of 
the servo amplifier. This approach 
always reduces the stability of the 
system because undesirable ef¬ 
fects of the amplifier become more 
pronounced. Obviously, the re¬ 
quirements for stability are in¬ 
compatible with those of accuracy; 
there is always a trade-off between 
these factors. 
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The requirements of the servo 
amplifier are easily described, but 
are usually difficult to obtain. As 
discussed in the section on Audio- 
Frequency Power Amplifiers, 
negative feedback is usually em¬ 
ployed to maintain the over-all 
gain of the amplifier. In an audio 
system, if the gain varies with 
aging components, or if the output 
dc drifts with changes in ambient 
temperature, nothing disastrous 
occurs to the over-all operation of 
the system. In a servo system, 
however, steps must be taken to 
assure a constant gain under all 
operating conditions. Therefore, 
large amounts of feedback are em¬ 
ployed in applications of this na¬ 
ture. Because of the large varia¬ 
tion of parameters that can be 
expected from transistors, designs 
tend to be ultra-conservative, with 
more devices employed to provide 
a given amount of gain than in 
a conventional audio amplifier. In 
practically every stage, some form 
of temperature compensation is 
employed to maintain the operat¬ 
ing point and the gain of the 
stage. It is not uncommon to em¬ 
ploy 60 dB of over-all feedback 
in such an amplifier. In such ap¬ 
plications, steps must be taken to 
assure that the amplifier itself is 
stable. Careful analysis using the 
Nyquist stability criterion is the 
only way to assure not only good 
amplifier performance but good 
over-all system stability. The Ny¬ 
quist stability criterion places on 
a firm mathematical basis the 
physical fact that instability re¬ 
sults when the feedback signal is 
equal in magnitude and in phase 
with the actuating signal. Thus, 
this criterion indicates the neces¬ 
sary conditions for stability in 
terms of the ratio between the in¬ 
put signal and the feedback signal. 

For applications in which a 


high-power dc amplifier is re¬ 
quired, a circuit similar to the 
70-watt quasi-complementary- 
symmetry amplifier shown in Fig. 
116 or to the universal quasi¬ 
complementary amplifier shown 
in Fig. 451 may be employed. The 
input circuit must be modified 
to provide a dc capability. 


Switching-Mode Servo Control 


Switching-mode servo controls 
afford an efficient means for am¬ 
plification of directional informa¬ 
tion. As an alternative to the use 
of cascaded linear stages to drive 
a class B push-pull output stage, 
this switching mode of control al¬ 
lows the active elements of the 
amplifier to operate in either satu¬ 
ration or cutoff. Because a rela¬ 
tively small length of time is spent 
in the active region of the devices, 
where power dissipation is high, 
the average power dissipation is 
lower. The efficiency of the over¬ 
all system, therefore, is higher. 
Switching servos are used in 
stable platforms for guidance and 
navigational systems, control of 
memory access devices in compu¬ 
ter and data-processing systems, 
and other applications in which 
efficiency is a prime factor. Fig. 
476 shows the circuit diagram of 
a pulse-width-modulated output 
stage for a servo-motor-drive 
system. 


General Circuit Description— 
Fig. 477 shows the block diagram 
of a pulse-duration-modulated 
switching-servo control system. 
The directional error signal (com¬ 
monly a 400-Hz sine wave) is used 
to modulate the pulse width of a 
square-wave pulse having a con- 
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Figure 476. Pulse-width-modulated servo-motor-driver output stage. 


stant repetition rate. The wave¬ 
forms at the input and output of 
the pulse-duration modulator are 
shown in Fig. 478. 

The error signal has a frequency 
fo, and the ramp-generator wave¬ 
form has a fundamental frequency 
fi which is much greater than 
f^. The resulting pulse-duration- 
modulated (PDM) signal has 
three components. One is a dc or 
average component, the second is 
the error component having a 


frequency spectrum equal to the 
error signal (fo), and the third 
is a summation of components of 
the upper harmonics of fo- 

The pulse is amplified in the 
switching driver and power switch 
amplifier. It is then sent through 
a band-pass filter that has a cut¬ 
off frequency equal to that of the 
error signal. The band-pass filter 
appears as a large impedance to 
the collectors of the power switch¬ 
ing transistors at harmonics of 



Figure 477. Block diagram of a pulse-duration-modulated switching-servo control system. 
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Figure 478. Input and output waveforms 
for the pulse-duration-modulated servo con¬ 
trol system. 

fo. Thus, only the fundamental 
component of collector current 
flows in the servo-control winding. 
The original sinusoidal error sig¬ 
nal is then almost completely 
recovered. The quality of the re¬ 
covered signal is an inverse func¬ 
tion of harmonics introduced into 
the system by the switching char¬ 
acteristics of the amplifiers and 
a direct function of the sharpness 
of cutoff of the band-pass filter. 

The error-phase flux and the 
recovered-phase flux form a re¬ 
sulting control flux that directs 
the servo rotor. 


Practical Circuit—Fig. 479 is 
the circuit diagram of a switch- 
ing-servo-control amplifier that 
uses a pulse-width modulator. The 
pulse width is modulated by ad¬ 
justment of the trigger level of 
the OR gate. A constant-amplitude 
ramp function appears at point 
(a). The linearity of the ramp is 
enhanced by the constant-current 
source which charges capacitor 

C,. 

Whenever the voltage at point 
(a) is greater than the threshold 
voltage Vt, Qi turns on. At this 
time, Q 2 turns off because its base- 
emitter junction is reverse-biased. 
The threshold trigger voltage is 
continuously varying as a function 
of the modulating input voltage 
at the input of the transformer. 

When the input signal is at its 
greatest value, the threshold is 
greatest. As a result, the OR gate 
switches later in the ramp period. 
The pulse duration then varies 
with the instantaneous magnitude 
of the modulating signal. Fig. 480 
shows the waveforms and the tim- 



Figure 479. Switching-servo control amplifier with a pulse-width modulator. 



436 


RCA Silicon Power Circuits Manual 


_ ^ 

1 


! _ ^ 

L-^tudpcuiai n 



— 


— 


— 


— 

1 nnCionULU 

VOLTAGE AT 

COLLECTOR 










“ OF Q| 

VOLTAGE AT 

COLLECTOR 





”” 





OF Qg 


Figure 480. Waveforms showing the thresh¬ 
old switching control for the control ampli¬ 
fier shown in Fig. 479. 


ing relationships between the 
threshold voltage and the collector 
voltages of Qi and Qs- 

The pulses at the collectors of 
Qi and Q 2 provide an alternating 
current through the load which 
consists of the error field winding 
and the filter. This filter should be 
designed as a low-pass filter with 
a cutoff at 400 Hz. The flux in 
this winding then becomes a 
function of the fundamental fre¬ 
quency of the error signal only. 

Efficiency Consideration—Fig. 
481 shows the approximate volt¬ 
age and current switching wave¬ 
forms of the power output tran¬ 
sistors of the switching servo am¬ 
plifier shown in Fig. 479. It can 
be shown that the switching con¬ 
figuration is much more efficient 
than a class B push-pull system. 
The latter system has a maximum 
ideal efficiency of 78 per cent. An 
approximate expression for ideal 
efficiency for the switching servo 
amplifier can be derived if the 
following simplifying assumptions 
are made: 

1. A perfectly loss-free filter 
with a cutoff frequency of 
400 Hz is used. 

2. The current waveform 
through the load is purely 




Figure 481. Approximate switching wave¬ 
forms of the output transistors in the con¬ 
trol amplifier shows in Fig. 479. 


sinusoidal, and a perfect 
reproduction of the input 
signal. 

3. The current has a peak 
value of Vcc/Rl = Ip» 
where Rl represents the 
dissipation of real power 
in the servo. 

4. The current and Vce 
switching waveforms are 
linear, as shown in Fig. 481. 

5. The leakage current 1^0 is 
negligible. 

First, an expression for power 
dissipated in transistor pair Q3-Q4 
or Qs-Qo during the turn-off (or 
turn-on) is defined. 

Total VcE(t) = 2 CcE(sat) 

+ [Vcc-2VcE(sat)](t/r) (347) 
Ic(t) = Ip ~ Ip (t/r) (348) 

The average power dissipated can 
be approximated as follows: 
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Pd > (l/r) / [2VcE(sat) 

Jq 

+ {VcE— 2VcE(sat)) (t/r)] 

[Ip - Ip (t/r)] dt 
= (lp/6) [4 VcE(sat) +Vcd (r/T) 
= Ps (349) 

During each sampling interval, 
both transistor pairs are switch¬ 
ing; therefore, 2Pg is dissipated. 
During this interval, switching 
takes place twice; therefore, a 
total of 4Ps is dissipated during 
switching. If there are N sampling 
intervals in an error-signal cycle 
that lasts for T seconds, then 
4NPs is dissipated where T = 
NT,. 

Next, the approximate power 
dissipated during all time other 
than the switching time is calcu¬ 
lated. The current is sinusoidal 
and throughout the cycle one set 
of transistors is on. 


P avg ^(1/T) r2VcE(sat) 

•^0 

Ip sin (27rt/T) dt 
= [2 VcE(sat) IpA] 

Then, the power dissipated in the 
devices during this time is less 
than a value Pi, expressed by the 
following equation: 


4 N Ps + [2 VcE(sat) Ip/vr] = Pi 


The power supplied by the Vcc 
source is given by 


(2 Vcc Ip)/7r = Pi: 


Then, the efficiency r] is approxi¬ 
mately equal to (Pin — Pi)/Pm, 
that is. 


= l-(Pi/Pin) l-(7rPi/2 Vcclp) 


The following typical values are 
used in an example to show how 
the ideal efficiency is calculated: 


N = 20 

VcE(sat) = 2.5 volts 

Ip =2 amperes 

Vcc= 200 volts 

T = 2 X 10”® second 

t = 1/400 = 2.5 X 10”^ second 


With these values, the following 
results are obtained: 


Ps = (Ip/6) [4 VcE(sat)+Vcc] (r/t) 

= (2/6) [4X2.5+200] 

[(2Xl0-®)/(2.5Xl0-®)] 

= 0.56 


Pi = 0.056+[2VcE(sat) Ip/x] 

= [(2X2.5X2)/3.14]+0.056=3.25 


Pin == (2 Vcclp)/7r 

= (2X200X2)/3.14 = 255 


V = (Pin-Pi)/Pin) = 1 - (3.25/255) 
= 1 — 0.012 = 99 per cent 
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RCA distributor or from Commercial 
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America, Harrison, N. J. 

Electron Tubes 

• RCA INTERCHANGEABILITY DIREC¬ 
TORY OF INDUSTRIAL-TYPE ELECTRON 
TUBES—ID-1020-H (10%" x 8%")—12 
pages. Lists more than 2300 basic type 
designations for 22 classes of industrial 
tube types; shows the RCA Direct Re¬ 
placement Type or the RCA Similar 
Type, when available. Single copy free 
on request. 

• RCA INDUSTRIAL RECEIVING-TYPE 
TUBES—RIT 104F (10%" x 8%")—24 
pages. Concise technical data on over 
200 types used in military, industrial, 
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application guide, chart of prototype 
versus similar RCA industrial types, in¬ 
terchangeability list of domestic versus 
RCA replacements, terminal diagrams, 
and socket and connector information. 
Price 25 cents.* 

• RCA RECEIVING TUBES AND PIC¬ 
TURE TUBES—ERT-1275M (10%" x 
8%'0—56 pages. Contains classification 
chart, application guide, characteristics 
chart, and base and envelope connection 
diagrams on more than 1300 entertain¬ 
ment receiving tubes and picture tubes. 
Price 40 cents.*t 

• RCA INTERCHANGEABILITY DIREC¬ 
TORY OF FOREIGN vs. U.S.A. RECEIV¬ 
ING-TYPE ELECTRON TUBES—ERT- 
197E (8%" X 10%")—8 pages. Covers 
approximately 800 foreign tube types 
used principally in AM and FM radios, 
TV receivers, and audio amplifiers. In¬ 
dicates U.S.A. direct replacement type 


or similar type if available. Price 10 
cents.* 

• RCA NUVISTORS-INDUSTRIAL AND 
MILITARY—NIT-140—28 pages. A guide 
for communication equipment designers, 
researchers and experimenters. De¬ 
scribes design features and performance 
characteristics. Contains characteristic 
charts, curves, socket information, di¬ 
mensional outlines, and terminal dia¬ 
grams. Price 35 cents.* 

• RCA PERIODICALLY FOCUSED 
TRAVELING-WAVE TUBES—ICE-204— 
56 pages. Contains theory of operation, 
design features, and performance char¬ 
acteristics of RCA periodically focused 
traveling-wave tubes. Prince 50 cents.* 

• RCA RECEIVING TUBE AND PIC¬ 
TURE TUBE SUBSTITUTION GUIDE— 
ERT-198—Price 25 cents.* 

• RCA PHOTOMULTIPLIER AND IMAGE 
TUBES-.PIT-700 (10%" x 83/8")—36 
pages. Includes concise data on RCA 
photomultiplier tubes, gas and vacuum 
photodiodes, sockets and shields for 
phototubes, and dimensional outlines 
for photo and image tubes. Price 60 
cents.* 

• RCA PHOTOMULTIPLIER TUBES FOR 
NEW-EQUIPMENT DESIGN—PIT-703— 
16 pages. Reviews some of the applica¬ 
tions of photomultiplier tubes. RCA’s 
wide selection is demonstrated by a 
composite graph of spectral responses; 
a matrix of spectral response designa¬ 
tions versus configuration further assists 
in preliminary selection of tube types. 
Additional characteristics are tabulated 
to help narrow the choice. Price 35 
cents.* 

• RCA PICTURE TUBE PRODUCT 
GUIDE-COLOR AND BLACK & WHITE 
—PIX-300B—24 pages. Includes inter- 
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changeability chart and characteristics 
chart on all industry types where RCA 
has a replacement for both black-and- 
white and color picture tubes. Basing 
diagrams and illustrations depicting 
safety features are also included. Price 
30 cents.* 

• PRODUCT GUIDE FOR RCA POWER 
TUBES—PWR-506B—40 pages. Con¬ 
tains tabulated data on all RCA power 
tubes in order of type designation within 
each general class of service. Includes 
maximum ratings, temperature ratings, 
heater or filament requirements, outline 
drawings, and basing diagrams. Price 30 
cents.* 

• RCA INDUSTRIAL TUBES PRODUCT 
GUIDE—TPG-200C (10%" x 8%")—28 
pages. Covers all RCA industrial-tube 
product lines. Gives a brief description 
of each product line together with quick- 
selection data. Single copy free on re¬ 
quest. 

e RCA STORAGE TUBES AND CATHODE- 
RAY TUBES—STC-900B—16 pages. 
Contains technical information on RCA 
storage tubes, special-purpose kine¬ 
scopes and oscillograph-type cathode- 
ray tubes including display-storage tubes, 
radechons, scan-conversion tubes, flying- 
spot tubes, monitor, projection, tran¬ 
scriber, and view-finder kinescopes; as 
well as data on fluorescent screens. 
Price 20 cents.* 

• RCA TRAVELING-WAVE TUBE CLASSI¬ 
FICATION CHARTS—MWD-IOIC—4 
pages. Contains catalog-type data. Sin¬ 
gle copy free on request. 

• RCA PENCIL TUBE CLASSIFICATION 
CHARTS—MWD-102B—4 pages. Con¬ 
tains catalog-type data. Single copy free 
on request. 

• RCA CAMERA TUBES—CAM-600A— 
26 pages. Contains classification charts, 
defining data and typical characteristic 
curves for RCA image orthicons and 
vidicons. Camera tubes recommended 
for new equipment design are high¬ 
lighted. Price 50 cents.* 

• VIDICONS—CAM-700—16 pages. 
Supplies tube selection guidance and 
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data on RCA vidicons for commercial, 
educational, industrial, and military 
service. Also included are tube replace¬ 
ment information and typical vidicon 
characteristic curves. The information 
contained in this publication supersedes 
the vidicon section of the booklet CAM- 
600 A. Price 30 cents.* 

• TECHNICAL BULLET!NS-Authorized 
information on RCA receiving tubes, 
transmitting tubes, and other tubes for 
communications and industry. Be sure 
to mention tube-type bulletin desired. 
Single-copy on any type free on request. 

Semiconductor Products 

• RCA SEMICONDUCTOR PRODUCTS 
DATABOOK—SPD-100. Two loose-leaf 
binders for standard 8Vi" x 11" data 
booklets with more than 900 pages of 
data and curves on RCA semiconductor 
devices such as transistors, silicon rec¬ 
tifiers, and semiconductor diodes. Avail¬ 
able on a subscription basis. Price 
$15.00* including service for first year. 
Also available with RCA Electron Tube 
Handbook HB-3 at special combina¬ 
tion price of $30.00.* 

• RCA SEMICONDUCTOR PRODUCTS 

GUIDE—SPG-201D (10%" x Sys") 
—44 pages. Contains classification 
chart, index, and ratings and char¬ 
acteristics on RCA’s line of transistors, 
silicon rectifiers, semiconductor diodes, 
and photocells. Price 75 cents.* 

• RCA DIFFUSED-JUNCTION SILICON 
RECTIFIER STACKS AND BRIDGES—SRS- 
300—10 pages. Contains technical data 
on RCA’s diffused-junction silicon recti¬ 
fier stacks and bridges. Characteristics 
of basic rectifier circuits are also given 
to assist in selection of proper RCA 
rectifier device. Price 20 cents.* 

• RCA SMALL-SIGNAL SILICON N-P-N 
TRANSISTORS—SST-210—8 pages. Con¬ 
tains technical data on 2N2102 family 
of silicon transistors including high- 
voltage types, very-high voltage types, 
linear-beta types, and general types. 
Also includes quick-reference guide. 
Price 20 cents.* 
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• DESIGN OF TRANSISTOR SWITCH¬ 
ING CIRCUITS FOR DATA-PROCESS- 
ING EQUIPMENT—CTG-161—42 pages. 
Gives design considerations for a va¬ 
riety of transistor switching circuits for 
data-processing equipment such as logic 
gates, flip-flops, and memory drivers. It 
includes a review of switching theory, 
design procedures, methods of specify¬ 
ing characteristics and ratings for com¬ 
puter switching transistors; examples of 
design procedures; typical circuits using 
RCA transistors; and a complete listing 
of RCA Computer Transistors with 
ratings, characteristics, and performance 
data. Price 75 cents.* 

• RCA MOS FIELD-EFFECT TRANSIS¬ 
TORS PRODUCT GUIDE—MOS-160—20 
pages. Includes comprehensive data on 
RCA dual insulated-gate and single 
insulated-gate MOS FET’s in easy-to- 
find format plus background informa¬ 
tion on MOS construction and applica¬ 
tion. Price 20 cents.* 

• HEAT-SINK GUIDANCE FOR RCA 
THYRISTORS USING TO-5 AND ''MODI¬ 
FIED TO-5" PACKAGES—SCR-501—6 
pages. Application guide on heat-sink 
methods for RCA thyristors. Single copy 
free on request. 

• RCA HOMETAXIAL BASE SILICON 
POWER TRANSISTORS—HBT-400A— 
18 pages. Contains data, dimensional 
outlines and theoretical information on 
hometaxial-base silicon power transis¬ 
tors. Price 30 cents.* 

• RCA LOW-NOISE COMMUNICA¬ 
TION-TYPE TRANSISTORS—CTG-165— 
Contains quick-selection graphs ^ and 
charts and capsule data for RCA Bi¬ 
polar Transistors and MOS Field-Effect 
Transistors for Low-Noise VHF and 
UHF Communication and Industrial In¬ 
strumentation Applications. Includes 
special characteristics curves showing 
quick-selection chart containing curves, 
Gp (dB) and NF (db) vs. f (30 to 1000 
MHz) for each listed transistor type. 
Single copy free on request. 

• MOUNTING HARDWARE FOR RCA 
INDUSTRIAL SEMICONDUCTOR DE¬ 
VICES—MHI-300—4 pages. Contains 


mounting information for RCA indus¬ 
trial transistors, thyristors, and rectifiers. 
Single copy free on request. 

• RCA RF POWER TRANSISTORS— 
RFT-700B—6 pages. Contains data, 
selection guide, and a quick-selection 
graph on RCA “overlay” transistors. 
Single copy free on request. 

• RCA PHOTOCELLS-SOLID-STATE 
PHOTOSENSITIVE DEVICES—CSS-800A 
—32 pages. Contains detailed and up¬ 
dated information on RCA cadmium- 
sulfide and cadmium-sulfo-selenide 
photoconductive-cell characteristics, an 
extended section on photoelectric mea¬ 
surements, a new section describing de¬ 
sign, new circuits, and an extension 
replacement guide. Price 35 cents.* 

• RCA PHOTOCONDUCTIVE CELLS— 
File No. 312—8 pages. Contains de¬ 
scriptive material, characteristic curves, 
and classification charts on RCA 
cadmium-sulfide and cadmium-sulfo- 
selenide brood-area photoconductive 
cells. Single copy free on request. 

• RCA SILICON POWER TRANSISTOR 

APPLI CATION G UIDE-1CE-215—28 

pages. For designers of industrial and 
military equipment. Discusses ratings, 
stability conditions, parameters and 
equivalent circuits. Includes design pro¬ 
cedures and specific design equations for 
several transistor circuits. Price 50 
cents.* 

• SILICON VHF TRANSISTORS APPLI¬ 
CATION GUIDE--1CE-228—20 pages. 
For designers of industrial and military 
equipment. This guide describes the 
capabilities of RCA silicon vhf transis¬ 
tors for application at frequencies up to 
300 MHz. Includes typical circuits for 
the 2NF1491 family of silicon vhf tran¬ 
sistors. Maximum ratings and character¬ 
istics are included. Price 50 cents.* 

• RCA THYRISTORS (SCR's AND 
TRIACS)—SCR-500A—22 pages. Con¬ 
tains tabulated data, classification charts 
and dimensional outlines for all-diffused 
silicon thyristors. Price 40 cents.* 

• RCA TOP-OF-THE-LINE SOLID-STATE 
REPLACEMENT GUIDE—SPG-202-E—48 
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pages. Lists 31 RCA “Top-of-the-Line” 
SK-Series replacement semiconductor 
devices which can replace more than 
9600 types of transistors, integrated cir¬ 
cuits, and rectifiers used in entertain¬ 
ment electronic equipment, including 
U.S.A. industry-standard (EIA) types, 
foreign types, and types identified only 
by device-manufacturers’ part numbers. 
Price 15 cents. 

• TRANSISTORIZED VOLTAGE REGU¬ 
LATOR APPLICATION GUIDE—ICE- 
254—12 pages. Discusses transistorized 
voltage regulators of the series and 
shunt types. Includes design considera¬ 
tions, step-by-step design procedures, 
and the solutions to sample design prob¬ 
lems. Price 20 cents.'-' 

Batteries 

• RCA BATTERY MANUAL—BDG-111 
(10%" X 8%")—68 pages. Contains in¬ 
formation on dry cells and batteries 
carbon zinc, mercury, and alkaline 
types. Includes battery theory and ap¬ 
plications, detailed electrical and me¬ 
chanical characteristics, a classification 
chart, dimensional outlines, and termi¬ 
nal connections on each battery type. 
Price 50 cents.*t 

• RCA BATTERIES—BAT-134H (10%" 
X SYs ")—36 pages. Technical data on 
146 carbon-zinc, alkaline, and mer¬ 
cury batteries for consumer and in¬ 
dustrial applications. Includes replace¬ 
ment information for 4000 portable 
radios, and cross-references 860 do¬ 
mestic battery types to their RCA re¬ 
placements. Price 35 cents. *t 

Test and Measuring 
Equipment 

• INSTRUCTION BOOKLETS — Ulus- 

trated instruction booklets are available 
for all RCA test instruments at the 
prices indicated below. 


WA-44A (Audio Signal 

Generator) .$0.50* 

WA-44C (Audio Signal 

Generator) .1.00* 

WO-33A (Super Portable 

Oscilloscope) .1.00* 
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WO-88A 

(5-in. Oscilloscope) ... 

0.75* 

WO-91A 

(5-in. Oscilloscope) ... 

1.00* 

WO-91B 

(5-in. Oscilloscope) ... 

1.00* 

WR-36A 

(Dot-Bar Generator) .0.50* 

WR-46A 

(Video Dot/Crosshatch 



Generator) . 

1.00* 

WR-49A 

(RF Signal 



Generator) . 

0.50* 

WR-49B 

(RF Signal 



Generator) . 

1.00* 

WR-50A 

(RF Signal 



Generator) . 

1.00* 

WR-51A 

(Stereo FM Signal 



Simulator) . 

1.00* 

WR-52A 

(Stereo FM Signal 



Simulator) . 

1.00* 

WR-61B 

(Color-Bar 



Generator) . 

1.00* 

WR-64A 

(Color Bar/Dot/Cross- 



hatch Generator). 

1.00* 

WR-64B 

(Color/B ar/Dot/Cr OSS- 



hatch Generator). 

1.00* 

WR-67A 

(Test-Oscillator) . 

0.25* 

WR-69A 

(Television/FM Sweep 



Generator) . 

1.00* 

WR-70A 

(RF-IF-VF Marker 



Adder) . 

0.75* 

WR-86A 

(UHF Sweep 



Generator) . 

0.50* 

WR-99A 

(Marker Calibrator) .. 

1.00* 

WT-IOOA (Electron-Tube Micro 



Mho Meter) . 

1.75* 

WT-IOOA 

. (Electron-Tube Micro 


Mho Meter, Ser. No. 



1001 and over) . 

2.00* 

WT-IOOA (Tube Chart 



ICE-163) _■. 

3.00* 

WT-llOA 

. (Automatic Electron- 



Tube Tester) . 

0.75* 

WT-llOA 

. (ICE-174 Card Punch 



Data) . 

0.25* 

WT-nOA (ICE-234 Card Punch 



Data) . 

1.00* 

WT-115A 

. (Color Picture Tube 



Tester) . 

0.50* 

WV-37A 

(Radio Battery 



Tester) . 

0.25* 

WV-37B 

(Radio Battery 



Tester) . 

0.25* 

WV-38A 

(Volt-Ohm- 



Milliammeter) . 

0.50* 
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WV-65A 

(VoltOhmystf) .... 

..0.25* 

WV-97A (Senior 


WV-74A 

(High Sensitivity 


VoltOhmystf) ..... 

,,0.75* 


AC VTVM). 

. .0.75* 

WV-98A (Senior 


WV-75A 

(VoltOhmystf) .... 

..0.25* 

VoltOhmystf ) ...., 

..1.00* 

WV-76A 

(High Sensitivity 


WV-98B (Senior 



AC VTVM). 

..0.75* 

VoltOhmystf) . 

..1.00* 

WV-77A 

(VoltOhmystf) .... 

. .0.25* 

WV-98C (Senior 


WV-77B 

(VoltOhmystf) .... 

.,0.25* 

VoltOhmystf) . 

..0.50* 

WV-77E 

(VoltOhmystf) .... 

..1.00* 

195-A (VoltOhmystf) . 

..0.25* 

WV-84C 

(Ultra-Sensitive DC 


® Trade Mark Reg. U.S. Pat. Off. 



Microammeter) .... 

..0.75* 

♦ Prices shown apply in U.S.A. 

and are 

WV-95A 

(Master 


subject to change without notice. 



VoltOhmystf) . 

..0.25* 

t Suggested price. 

















Other RCA Technical Manuals 


• RCA TRANSISTOR MANUAL—SC43 

(8%" X 5%")—544 pages. Contains up-to- 
date definitive data on over 770 semi¬ 
conductor devices including tunnel diodes, 
silicon controlled rectifiers, varactor diodes, 
conventional rectifiers, and many classes 
of transistors. Features easy-to-understand 
text chapters, as well as tabular data on 
RCA discontinued transistors. Contains 
over 40 practical circuits, complete with 
parts lists, highlighting semiconductor- 
device applications. Price $2.00.*t 

RCA LINEAR INTEGRATED CIR¬ 
CUITS—IC-41 (814" X 53/8")—352 pages. 
Contains basic principals involved in de¬ 
sign and application of linear integrated 
circuits—^includes description of silicon 
monolithic fabrication process—derivation 
of design equations and performance cri¬ 
teria—schematic diagrams, operating char¬ 
acteristics, and performance data for RCA 
multiple-function silicon integrated circuits 
for a variety of linear applications. Price 
$2.00.*t 

• RCA SOLID-STATE HOBBY CIR¬ 
CUITS MANUAL—HM-90 (SW' x 53/8") 
—224 pages. Contains complete construc¬ 
tion information on 35 circuits of general 
interest to all experimenters. Circuits use 
diodes, transistors, SCR’s, triacs, MOS 
transistors, integrated circuits, and light 
and heat detectors. Circuit operation is 
described in detail; construction layouts, 
photographs, schematic diagrams, and 
parts lists are given; and full-size drilling 
templates are included for most circuits 
to simplify construction. Price $1.75.*t 

• RCA TUNNEL DIODE MANUAL— 

TD-30 (8%" X 5%")—160 pages. Describes 
the microwave and switching capabilities 
of tunnel diodes. Contains information on 
theory and characteristics, and on tunnel- 
diode applications in switching circuits and 
in microwave oscillator, converter, and 
amplifier circuits. Includes data for over 
40 RCA germanium and gallium arsenide 
tunnel diodes and tunnel rectifiers. Price 
$1.50.’*‘t 

• RCA SILICON CONTROLLED REC¬ 
TIFIER EXPERIMENTER’S MANUAL 
—KM-71 (83/8^' X 53/8")—136 pages. Con¬ 
tains 24 practical and interesting control 
circuits that can be built with a complement 
of active devices available in kit form. 
Includes photographs, schematic diagrams, 
and descriptive writeups. Also includes 
brief descriptions of solid-state components 


used (rectifiers, transistors, SCR’s) and 
short section on trouble-shooting. Price 
95 cents.*t 

• RCA RECEIVING TUBE MANUAL— 
RC-26 (8" X 514")—656 pages. Contains 
technical data on more than 1400 receiv¬ 
ing tubes for home-entertainment use. In¬ 
cludes six easy-to-read text chapters that 
provide basic information on electron- 
tube operation, ratings and characteristics, 
and applications. Also features a detailed 
application guide for receiving tubes; 
quick-reference charts for replacement and 
discontinued RCA receiving tubes, black- 
and-white and color picture tubes, and 
voltage-regulator and voltage-reference 
tubes; and a Circuits section that includes 
schematic diagrams, descriptive writeups, 
and complete parts lists for 36 practical 
electron-tube circuits for a wide variety of 
applications. Price $1.75.**"! 

• RCA TRANSMITTING TUBES—TT- 
5 {%W' X 5%")—320 pages. Gives data 
on over 180 power tubes having plate- 
input ratings up to 4 kw and on associated 
rectifier tubes. Provides basic information 
on generic types, parts and materials, in¬ 
stallation and application, and interpreta¬ 
tion of data. Contains circuit diagrams for 
transmitting and industrial applications. 
Features lie-flat binding. Price $1.00.*t 

• RCA PHOTOTUBE AND PHOTO¬ 
CELL MANUAL—PT-60 (814" x 53/8")— 
192 pages. Well-illustrated informative 
manual covering fundamentals and oper¬ 
ating considerations for vacuum and gas 
phototubes, multiplier phototubes, and 
photocells. Also describes basic applica¬ 
tions for these devices. Features easy-to- 
use selection chart for multiplier photo¬ 
tubes. Data and performance curves given 
for over 90 photo-sensitive devices. Price 
Sl.SO.’^'t 

• RADIOTRON" DESIGNER’S HAND- 
BOOK—4th Edition (83/" x 5/2")— 1500 
pages. Comprehensive reference covering 
the design of radio and audio circuits and 
equipment. Written for the design engi¬ 
neer, student, and experimenters. Contains 
1000 illustrations, 2500 references, and 
cross-referenced index of 7000 entries. 
Edited by F. Langford-Smith. Price 
$7.00.*t 

® Trade Mark Reg. U.S. Pat. Off. 

* Prices shown apply in U.S.A. and are 
subject to change without notice. 

t Suggested price. 
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